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SUMMARY
This thesis introduces a novel quadrotor manipulation system that consists of 2-link manip-
ulator attached to the bottom of a quadrotor. This new system presents a solution for the
drawbacks found in the current quadrotor manipulation system which uses a gripper fixed
to a quadrotor. Unlike the current system, the proposed system enables the end-effector to
achieve any arbitrary orientation and thus increases its degrees of freedom from 4 to 6. Also,
it provides enough distance between the quadrotor and the object to be manipulated. System
kinematics and dynamics are derived. Picking and placing a payload using the end-effector
of the manipulator are also modeled.
To study the feasibility of the proposed system, a quadrotor with high enough payload to
add the 2-link manipulator is constructed. Its parameters are identified to be used in the simu-
lation and controller design of the proposed system. A CAD model is developed to calculate
the mass and moments of inertia in an accurate way. Direct relationships between Pulse
Width Modulation (PWM) and each of the angular speeds, thrust forces, and drag moments
of the rotors are identified. A Direction Cosine Matrix (DCM) complementary filter is used
to estimate the attitude of the quadrotor based on the IMU measurements. Attitude stabi-
lization controller is designed based on feedback linearization technique to test the identified
parameters and the attitude estimation. The results of the experiments show satisfactory ac-
curacy of the identified structure parameters, the identified rotor assembly parameters and
the attitude estimation algorithm.
The controller of the proposed quadrotor manipulation system is designed based on three
control techniques: feedback linearization based PID control, direct fuzzy logic control, and
fuzzy model reference learning control. These controllers are tested to provide system sta-
bility and trajectory tracking under the effect of picking and placing a payload and the effect
of changing the operating region. Simulation results show that the fuzzy model reference
learning control technique has superior performance. The results indicate the feasibility of
the proposed system.
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CHAPTER 1
INTRODUCTION
1.1 Definition and Purpose of Quadrotor System
A quadrotor, also called a quadrotor helicopter, quadrocopter or quadcopter, is an aircraft
that becomes airborne due to the lift force provided by four rotors usually mounted in cross
configuration, hence its name (see Figure 1.1).
Figure 1.1: Typical Quadrotor.
Early in the history of flight, quadrotor configurations were seen as possible solutions
to some of the persistent problems in vertical flight; torque-induced control issues (as well
as efficiency issues originating from the tail rotor, which generates no useful lift) can be
eliminated by counter-rotation and the relatively short blades are much easier to construct
[2].
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A number of manned designs appeared in the 1920s and 1930s. These vehicles were
among the first successful heavier-than-air vertical take off and landing (VTOL) vehicles.
However, early prototypes suffered from poor performance, and latter prototypes required
too much pilot work load, due to poor stability augmentation and limited control authority.
More recently quadrotor designs have become popular in Unmanned Aerial Vehicle (UAV)
research.
These vehicles use an electronic control system and electronic sensors to stabilize the
aircraft. With their small size and agile maneuverability, these quadrotors can be flown
indoors as well as outdoors.
There are several advantages to quadrocopters over comparably-scaled helicopters. First,
quadrotors do not require mechanical linkages to vary the rotor blade pitch angle as they spin.
This simplifies the design and maintenance of the vehicle. Second, the use of four rotors
allows each individual rotor to have a smaller diameter than the equivalent helicopter rotor,
allowing them to possess less kinetic energy during flight. This reduces the damage caused
when the rotors hit anything. For small-scale UAVs, this makes the vehicles safer for close
interaction. Some small-scale quadrotors have frames that enclose the rotors, permitting
flights through more challenging environments, with lower risk of damaging the vehicle or
its surroundings. Due to their ease of both construction and control, quadrotor aircraft are
frequently used as amateur model aircraft projects [3, 1].
At present, there are three main areas of quadrotor development: military, transportation
(of goods and people) and UAVs [3]. UAVs are subdivided into two general categories, fixed
wing UAVs and rotary wing UAVs. Rotary wing UAVs like quadrotors have several advan-
tages over fixed-wing airplanes. They can move in any direction and are capable of hovering
and fly at low speeds. In addition, the VTOL capability allows deployment in almost any
terrain while fixed-wing aircraft require a prepared airstrip for takeoff and landing.
Given these characteristics, quadrotors can be used in search and rescue missions, me-
teorology, penetration of hazardous environments and other applications suited for such an
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aircraft. Also, they are playing an important role in research areas like control engineering,
where they serve as prototypes for real life applications.
Furthermore, quadrotor vehicles possess certain essential characteristics, which highlight
their potential for use in search and rescue applications. Characteristics that provide a clear
advantage over other flying UAVs include their (VTOL) and hovering capability, as well as
their ability to make slow precise movements. There are also definite advantages to having
a four rotor based propulsion system, such as a higher payload capacity, and impressive
maneuverability, particularly in traversing through an environment with many obstacles, or
landing in small areas [4].
1.2 Quadrotor Operation
Possible movements of a quadrotor are shown in Figures 1.2 and 1.3. By varying the speeds
of each rotor, the flight of the quadrotor is controlled. Each rotor in the quadrotor has a role
in producing a certain amount of thrust and torque about its center of rotation, as well as for
a drag force opposite to the rotorcraft’s direction of flight. The quadrotor’s propellers are
divided in two pairs, two pusher and two puller blades, that work in opposite directions. As a
consequence, the resulting net torque can be null if all propellers turn with the same angular
velocity, thus allowing for the aircraft to remain still around its center of gravity.
In order to define an aircraft’s orientation (or attitude) around its center of mass,
aerospace engineers usually define three dynamic parameters, the angles of yaw ψ(rotation
around z-axis), pitch θ (rotation around y-axis) and roll φ (rotation around x-axis). This
is very useful because the forces used to control the aircraft act around its center of mass,
causing it to pitch, roll or yaw (see Figure 1.3). Changes in the pitch angle are induced
by contrary variation of speeds in propellers 1 and 3 , resulting in forward or backwards
translation (Movement in x-direction). If we do this same action for propellers 2 and 4,
we can produce a change in the roll angle and we will get lateral translation (Movement in
y-direction). Yaw is induced by mismatching the balance in aerodynamic torques (i.e. by
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Figure 1.2: Illustration of the various movements of a quadrotor: a) Motion in x-
direction(Forward)-Pitching, b) Motion in x-direction(Backward)-Pitching, c) Motion
in y-direction(Left)-Rolling, d) Motion in y-direction(Right)-Rolling e) Motion in z-
direction(Up), f) Motion in z-direction(Down), g) Rotation around z-Axis(Heading Left)-
Yawing, and h) Rotation around z-Axis(Heading Right)-Yawing.
offsetting the cumulative thrust between the counter-rotating blade pairs). So, by changing
these three angles in a quadrotor, we are able to make it maneuver in any direction [1].
Figure 1.3: Yaw, Pitch and Roll Rotations of Quadrotor.
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1.3 Literature Review
Louis Brguet and Jacques Brguet were the first to construct a quadrotor, which they named
Brguet Richet Gyroplane No. 1. The first flight demonstration of Gyroplane No. 1 with no
control surfaces was achieved on 29 September 1907. Figure 1.4 shows the huge quadrotor
with double layered propellers being prepared for its first manned flight [3, 4].
Figure 1.4: Brguet Richet Gyroplane No. 1.
Later, two additional designs were developed and experimental flights were conducted.
The first, by Georges de Bothezat and Ivan Jerome in 1922, had six-bladed rotors placed at
each end of an X-shaped truss structure, as shown in Figure 1.5. The second, shown in Figure
1.6, was built by tienne OE hmichen in 1924, and set distance records, including achieving
the first kilometer long helicopter flight [3, 4].
Figure 1.5: Quadrotor designed by George De Bothezat, in 1923.
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Figure 1.6: OE hmichen quadrotor designed in 1924.
The Stanford test bed of Autonomous Rotorcraft for Multi Agent Control (STARMAC)
project at Stanford University performed some of the initial work on making small-scale
quadrotors autonomous. Stanford was able to modify commercially available quadrotors
(Dragonfly X4s) to follow a series of GPS way points. After achieving this system, Stanford
created the STARMAC II series of quadrotors (see Figure 1.7) with the goal of improving
stability and control to make quadrotors super stable [3, 4, 5].
Figure 1.7: The STARMAC of Stanford University (typical modern quadrotor design).
Recently, quadrotor is used as a research platform. Quadrotors are a useful tool for
university researchers to test and evaluate new ideas in a number of different fields, in-
cluding flight control theory, navigation, real time systems, and robotics. In recent years
many universities have shown quadrotors performing increasingly complex aerial manoeu-
vres. Swarms of quadrotors can hover in mid-air, in formation, autonomously perform com-
6
plex flying routines such as flips, darting through hula-hoops and organise themselves to fly
through windows as a group [6, 7].
Because they are so manoeuvrable, quadrotors could be useful in all kinds of situations
and environments. Quadrotors capable of autonomous flight could help remove the need for
people to put themselves in any number of dangerous positions. This is a prime reason that
research interest has been increasing over the years [6].
Moreover, Quadrotors are used for surveillance and reconnaissance by military and law
enforcement agencies, as well as search and rescue missions in urban environments. One
such example is the Aeryon Scout, created by Canadian company Aeryon Labs, which is a
small UAV that can quietly hover in place and use a camera to observe people and objects on
the ground. The company claims that the machine played a key role in a drug bust in Central
America by providing visual surveillance of a drug trafficker’s compound deep in the jungle
[8, 9].
In addition, The largest use of quadrotors has been in the field of aerial imagery. Quadro-
tor UAVs are suitable for this job because of their autonomous nature and huge cost savings.
Capturing aerial imagery with a quadrotor is as simple as programming GPS coordinates and
hitting the go button. Using on-board cameras, users have the option of being streamed live
to the ground. Many companies have used this for real estate photography to industrial sys-
tems inspection. Various organizations are taking advantage of the quadrotors closed-circuit
television capabilities and ability to provide an eye in the sky to the action below [5].
From the above discussion, we can notice that quadrotor UAVs offer promises of speed
and access to regions that are otherwise inaccessible to ground robotic vehicles. However,
most research on UAVs has typically been limited to monitoring and surveillance applica-
tions where the objectives are limited to ”look” and ”search” but ”do not touch”.
In [10], the author presents the design and control of an aerial grasping. In this work [10],
a gripper was built and attached to the bottom of the quadrotor as shown in Figures 1.8 and
1.9. By allowing quadrotors, to interact with the environment, we get an entire new set of
applications. First, allowing robots to fly and perch on rods or beams allows them to increase
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the endurance of their missions. Indeed, if perches are equipped with charging stations,
robots can recharge their batteries extending their lives substantially. Second, the ability to
grasp objects allows robots to access payloads that are unavailable to ground robots. There
are fewer workspace constraints for aerial robots. Third, they are able to assemble structures
and scaffolds of arbitrary height in three dimensions without requiring such special purpose
structures as tower cranes.
Figure 1.8: Quadrotor Gripper System by D. Mellinger (2011).
Figure 1.9: Gripper Design for the Quadrotor Gripper System by D. Mellinger (2011).
1.4 The Proposed System
From the quadrotor operation, we can notice that we have to make a pitch rotation in order
to make quadrotor to move in X-direction, while the movement in Y-direction is caused
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by changing roll angle. Furthermore, if a gripper is attached to the bottom of quadrotor,
such that a quadrotor grasping system can be built, then the resulting aerial grasping system
has 4 Degrees Of Freedom (DOF). Three translations DOF and one rotational DOF (Yaw).
In addition, the gripper cannot posses pitch or roll rotation without moving along x- or y-
direction.
The proposed system is a new quadrotor manipulation system. This system consists
of two-link manipulator, with two revolute joints, is attached to the bottom of a quadrotor.
The two axes of the revolute joints are perpendicular to each other. With this new system, the
capability of manipulating objects with arbitrary location and orientation is achieved because
the DOF are increased from 4 to 6. In addition, the manipulator provides sufficient distance
between the quadrotor and the object location. Moreover, this configuration is the best one
because it achieves minimum manipulator weight for arbitrary aerial manipulation.
There are two main challenges that face the aerial manipulation. First, lack of a stable
platform. This is because the arial platform is different from ground vehicle that can remain
stationary and provide a very stable base during the manipulation. Second, dynamics of
the robot are significantly altered by the addition and manipulation of payloads. Therefore,
Adaptive and robust controller will be needed in order to overcome these challenges.
1.5 Motivation
The proposed system has a lot of potential applications such as:
• Demining applications/Improvised Explosive Device (IED) Disposal.
• Accessing payloads that are inaccessible to ground robots.
• Performing maintenance for a bridge or building.
• Hazardous material handling and removal.
• Removing obstacles that are blocking the view of a target or perch to conserve power.
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1.6 Contributions of this Thesis
During the development of this thesis, set of contributions were made that are worth men-
tioning:
• Introducing and describing a novel quadrotor manipulation system.
• Detailed mathematical modeling including kinematics and dynamics of this system
taking into account the effect of payload.
• Building a quadrotor system as an initial step to build the complete proposed system.
• Building experimental test rigs in order to determine the quadrotor parameters in order
to be used in system simulation and controller design.
• Using a sensor fusion technique to estimate the quadrotor’s altitude and attitude using
a 10 DOF Inertial Measurement Unit (IMU).
• Implementing an onboard algorithm for attitude estimation and attitude stabilization.
• Building experimental test rigs in order to test the estimated parameters of quadrotor
and the estimation algorithm for attitude.
• Design three different types of control techniques in order to achieve system stabil-
ity and trajectory tracking under the effects of changing system operating region and
picking/placing a payload.
• Simulation of the system’s equations of motion and the control laws in MAT-
LAB/SIMULINK program.
1.7 Thesis Structure
In Chapter 1, we begin by defining what a quadrotor is, and what its main applications are.
After defining the maneuvering capabilities of this kind of air vehicle, its historical evolution
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is presented, from the beginning of the twentieth century to the present day. Next, brief
description of the quadrotor grasping system is presented. Finally, the reasons that led to the
development of proposed system are explained, and a brief description of the main areas of
research with this new system is made.
Chapter 2 focuses on the proposed system design. It describes the quadrotor manipula-
tion system. In addition, the selected components for developing the system is presented.
Chapter 3 presents the kinematic and dynamic analysis of the quadrotor. Next, we de-
fine the system parameters, and present experiments that are done to determine the system
parameters. Finally, it provides a technique for attitude estimation using sensor fusion on
a 10 DOF IMU. Also, It presents the online implementation of the attitude estimation and
stabilization. Finally, the experimental results are shown.
Chapter 4 focuses on the kinematic(forward and inverse) and dynamic analysis of the
new quadrotor manipulation system. Moreover, it presents the effect of adding a payload to
the manipulator’s end effector
Chapter 5 describes the controller design process of the system. It starts with the def-
inition of the objectives to be fulfilled by the system. Next, controller design based on
three different control techniques are described with their simulation results and observa-
tions. First, feedback linearization technique, followed by, Direct Fuzzy Logic control, and
finally, Adaptive fuzzy logic control.
This thesis ends in Chapter 6 with the final conclusions and suggestions for future im-
provements.
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CHAPTER 2
THE PROPOSED SYSTEM
The structure of the proposed system is shown in Figure 2.1 using a 3D CAD model. The
proposed system is a new quadrotor manipulation system. This system consists of two-link
manipulator, with two revolute joints, attached to the bottom of a quadrotor. The two axes
of the revolute joints are perpendicular to each other. The axis of the first revolute joint
that is fixed with respect to the quadrotor is parallel to the body x-axis of the quadrotor (see
Figure 1.3). The axis of the second joint will be parallel to the body y-axis of quadrotor
when the first link is vertical. So, the pitching and rolling rotation of the end effector is now
possible independently on the horizontal motion of the quadrotor. With this new system, the
capability of manipulating objects with arbitrary location and orientation is achieved because
the DOF are increased from 4 to 6. In addition, the manipulator provides sufficient distance
between the quadrotor and the object location. Furthermore, this configuration is the best
one because it achieves the minimum manipulator weight for arbitrary aerial manipulation.
The light weight is important especially for aerial vehicle.
The proposed quadrotor manipulation system consists mainly from two parts; the quadro-
tor and the manipulator. During the reset of this chapter we will describe each of them such
that they can combined, and then, perform the required task.
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Figure 2.1: 3D CAD Model of the New Quadrotor Manipulation System
Our target is to design a light and simple 2 DOF manipulator that can carry as much as
possible of a payload. One of the available and famous company to sell the components of
such type of manipulator is ”LYNXMOTION” [11].
The main components of the the proposed system should be:
• 4 Electric Motors and 4 Electronic Speed Controllers (ESC).
• 4 Propellers.
• 1 On-board Processing and Control Unit.
• Wireless Communication unit between the base station and the quadrotor.
• Altitude and Attitude Measurement Units.
• 1 Airframe for Supporting all the Aircraft’s Components.
• Gripper Mechanism (End Effector).
14
• 2 Motors and their Accessories for the Manipulator Construction (two links with two
revolute joints).
• Motors’s Drive Unit.
• On-board Power Supplies (battery) for the Motors and the Electronics.
2.1 The Two-Link Manipulator
Figure 2.1 shows 3D CAD model for the proposed manipulator. The design of this manipu-
lator is based on light weight and enough workspace under the quadrotor.
Starting with design of the gripper mechanism, a little gripper, from ”LYNXMOTION”,
is used. It is made from injection molded ABS. This gripper can open to 1.3 in. It has a
driving motor (mtr2), see Figure 2.2, of type servo motor HS-422. This gripper can carry a
payload of 200 g [12]. Thus, a payload of 150 g is chosen as a maximum allowable value for
the payload carried by the gripper (for safety purpose).
The total length of the arm is chosen such that it can provide enough work space. If the
length is increased , then a motor with larger output torque is required, and thus larger weight
and more consumed power are resulted.
Based on this design, the required specifications of the selected joints motors are set from
Figure 2.2.
The torques, Tmtr0 and Tmtr1 , of motors (mtr0) and (mtr1), see Figure 2.2, can be calcu-
lated from(2.1 and 2.2):
Tmtr0 = L1W1+(L1+L2)W2+(L1+L2+Le)We (2.1)
Tmtr1 = L2W2+(L2+Le)We (2.2)
where We is the weight from the end effector and the payload that it has mass of mp.
The average weight of the available motors in the light categories is 50 g (including the
arm accessories that will be described next).
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Therefore, from the values of lengths and masses shown in Figure 2.2, the value of Tmtr0
is 0.45 N.m and Tmtr1 is 0.26 N.m (@ payload; mp = 150 g). Multiplying this value by factor
of 1.2 for safety, the selected motors should have output torque at least of 0.55 N.m for mtr0
and 0.31 N.m for mtr1.
Figure 2.2: Schematic Diagram of the Manipulator Used to Select the Joints Motors.
A digital standard servo (HS-5485HB), see Figure 2.3, is used to provide the rotational
motion (Revolute Joint) for joint 1. It has a rotational range of 180o, weight of 45 g, speed
of 350o/s, and operating voltage of 6 v. It is capable of producing a torque of 0.63 N.m.
Another digital standard servo (HS-422) is used for joint 2. It has a rotational range of 180o,
weight of 45 g, speed of 350o/s, operating voltage of 6 v, and torque of 0.32 N.m [11].
Figure 2.4 presents the required accessories to build the the two arms of the manipulator.
Also, the dimensions of these accessories are given in Figure 2.5.
The safety of this design and structure, with respect to the deflections and stress, is tested
and checked through finite element analysis using ANSYS software (see Figures 2.6 and
Figure 2.3: HS-5485HB (89 oz.in) Digital Standard Servo.
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(a) Aluminum Tubing - 1.50 in (b) Aluminum Multi-Purpose Servo Bracket Two Pack
(c) Aluminum Tubing Connector Hub (d) Aluminum Long ”C” Servo Bracket with Ball Bear-
ings Two Pack
Figure 2.4: Accessories for Building the Manipulator: a) Aluminum Tubing, b) Servo
Bracket, c) Connector Hub, and d) Long ”C” Servo Bracket.
2.7). From this figures, the maximum deflection is about 0.6 mm which is small compared
to the chosen allowable is 1mm. In addition, the maximum stress of the structure is 113 MPa
which is smaller than the yield stress of aluminum alloy that is 270 MPa [13]. Therefore,
this design is safe.
2.1.1 Driver Unit
Serial servo controller (SSC-32) from LYNXMOTION, see Figure 2.8, is a small preassem-
bled servo controller with some big features. It has high resolution (1 µs) for accurate posi-
tioning, and extremely smooth moves. The range is 0.50 ms to 2.50 ms for a range of about
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(a) Aluminum Tubing (b) Servo Bracket
(c) Connector Hub (d) Aluminum Long ”C” Servo Bracket
Figure 2.5: Dimensions of the Accessories for Building the Manipulator in (mm): a) Alu-
minum Tubing, b) Servo Bracket, c) Connector Hub, and d) Long ”C” Servo Bracket.
180o. This board contains a MCU of Atmel ATMEGA168-20PU as well as driver interface
between the controller unit and the motors. This driver unit operates at voltage of 12 v [11].
This unit will take its commands from the on-Board controller unit (Arduino MEGA 2560).
In the next sections, the construction of the quadrotor is presented.
18
(a) Total Deformation (b) Deformation in X-axis
(c) Deformation in Y-axis (d) Deformation in Z-axis
Figure 2.6: Manipulator’s Structure Deflections Using ANSYS: a) Total Deformation, b)
Deformation in X-axis, c) Deformation in Y-axis, and d) Deformation in Z-axis.
Figure 2.7: Manipulator’s Structure Stress Analysis using ANSYS
2.2 Airframe
The airframe is the mechanical structure of an aircraft that supports all the components.
19
Figure 2.8: SSC-32 Servo Controller from Lynxmotion
The chosen airframe for the quadrotor was the ”ST450 metal folding” model (see Figure
2.9), with 280 g of mass and made of Aluminum alloy material. The legs of the frame are
supported by a piece of rubber to reduce the effect of landing [14].
Figure 2.9: ST450 Quadrotor Airframe.
2.3 Rotor Assembly
The rotor-assembly consists of three components; the propeller, electric motor, and the Elec-
tronic Speed Controller (ESC).
Considering the quadrotor-manipulator system has a maximum weight of 1.5 kg and that
we have four rotors, it is mandatory that each rotor-assembly is able to provide at least 375
g in order to achieve lift off.
The typical behavior of a propeller can be defined by three parameters [1]:
• Thrust coefficient cT .
• Power coefficient cP.
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• Propeller radius r.
These parameters allow the calculation of a propeller’s thrust force F :
F = cT
4ρr4
pi2
Ω2 (2.3)
and power P:
P= cP
4ρr5
pi3
Ω3 (2.4)
where Ω is the propeller angular speed and ρ the density of air. These formulas show that
both thrust and power increase greatly with propeller’s diameter. If the diameter is big
enough, then it should be possible to get sufficient thrust while demanding low rotational
speed of the propeller. Consequently, the motor driving the propeller will have lower power
consumption, giving the quadrotor higher flight autonomy.
The ”EPP1045” propeller, (see Figure 2.10) has a diameter of 10” (25.4 cm) and weight-
ing 23 g, is selected. Figure 2.11 gives the theoretical thrust/power and angular velocity
relationship of this propeller, from which we can see that a propeller will have to achieve
approximately 490 rad/s to provide the minimum 375 g required for lift-off and will need a
power of 43 W .
Figure 2.10: EPP1045 Propellers.
The motors usually implemented in this kind of application are electric Direct Current
(DC) motors. They are lighter than combustion engines and do not need a combustible fuel,
which, among other benefits, decreases the risk of explosion.
DC motors available in the radio control hobby market are either brushed or brushless.
Brushless motors are expensive but have higher efficiency, power, and do not need regular
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Figure 2.11: Theoretical Thrust and Power of EPP1045 Propeller [1].
maintenance. Brushed motors are cheap but have a shorter lifetime and their brushes need
regular replacements. For these reasons it is preferable to use brushless motors, because loss
of structural integrity of the quadrotor due to motor failure should be avoided by using more
reliable equipment.
The selected motor was the ”930KV ST2812” model from the manufacturer BumbleBee
(see Figure 2.12). This motor is able to rotate at 8800 rpm, which is larger than the required
speed of the propeller for taking off, at current of 14.5 A , weights 80 g and has a maximum
current of 19 A /11.1 V (maximum power is 211 W), and a KV rating of 930 rpm/V [15].
Thus, this motor is suitable with the selected propeller, because it can provide rotational
speed and power that is more than the required.
Figure 2.12: Electric DC Brushless motor BumbleBee 930 KV ST2812.
22
The speed of a brushless motor is controlled by an Electronic Speed Controller (ESC).
This hardware receives the power from the battery and drives it to the motor according to a
PWM signal that is provided by the controller unit. The ”Lulin 30 A” ESC is well suited for
the job at hand (Figure 2.13). It has a mass of 9 g and is capable of providing up to 30 A of
current (which is also larger than the maximum allowable current of the BumbleBee 930KV
ST2812 motor) [16].
Figure 2.13: Lulin 30A Brushless ESC.
2.4 Microcontroller Unit
A stabilization system is necessary to drive the quadrotor because it is a naturally unstable
vehicle. The implementation of stabilization control algorithms can be easily implemented
by small size microcontrollers.
One microcontroller that has gotten special attention from the robotics community world-
wide is the Arduino. This microcontroller platform is quite inexpensive and has a C-based
language development environment that is very intuitive to use. From the different versions
of the Arduino, the selected one for this project was the Arduino Mega 2560 (see Figure
2.14). It has 54 digital input/output pins of which 15 can be used as PWM outputs, 16 analog
inputs, 4 UARTs (hardware serial ports), 16 MHz crystal oscillator, USB connection, power
jack, an ICSP header, and 256 KB flash memory for storing code [17].
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Figure 2.14: Arduino Mega 2560.
2.5 Wireless Communication
Wireless communications are always a challenge. One has to weight important factors like
power consumption, weight, transmission speed and reliability. Fortunately, it is possible
to use hardware with the Arduino that allows to satisfy all the previous conditions, e.g. the
Zigbee Pro- 63 mW PCB Antenna Series2 (Figure 2.15). This module is a Zigbee Pro module
with power of 63 mW and PCB Antenna Series 2 version. Its communication range is 100
m indoors and 1500 m outdoors. Also, it can be wrapped into a serial command set this is
useful because the Arduino can use serial communication. Two XBee modules are going to
be used: one for the quadrotor and another in the ground station computer that will handle
all telemetry for system identification and control purposes [18].
Figure 2.15: Zigbee Pro-63 mw PCB Antenna Series2 wireless module.
2.6 Sensors
The sensors of a rotorcraft are a key element of the control loop. They are responsible for
providing information like aircraft attitude, acceleration, altitude, global position, and other
relevant data.
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In this system we use 3 sensor units; Inertial Measurement Unit (IMU), Sonar unit, and
GPS unit.
The Inertial Measurement Unit is 10 DOF unit (see Figure 2.16) that is a Multiwii ZMR
board type which consists of high quality MEMS sensors. It contains triple axis accelerom-
eter (BMA180) providing three accelerations (one for each axis of a Cartesian coordinate
system), triple axis gyroscope (ITG3205) providing three angular rates, triple axis magne-
tometer (HMC5883L) providing the magnetic north direction and good estimation of yaw
angle, and pressure sensor (BMP085) providing the aircraft altitude.
All these sensors are connected to ATMEGA328P microcontroller on the same board.
This microcontroller handles all the readings from all sensors through an I2C bus. Multiwii
ZMR board in connected via serial port to Arduino Mega2560 MCU, which contains the
main control algorithm.
Readings from the accelerometer, gyroscope, and magnetometer, are fused to provide a
high accurate estimation for the quadrotor attitude (φ, θ, and ψ).
To calculate the altitude, the pressure sensor will be used at distance lager than 3 m, while
if the distance is lower than 3 m the sonar sensor (SRF04) [19], see Figure 2.17, will be used
because it is more sensitive to small distances in rage of 1 cm, and thus, it is very effective
during landing.
The SKM53 GPS from Skylab (see Figure 2.18) is used to determine the system’s global
lateral and longitudinal position. It is a small size low weight module that comes with em-
bedded antenna. This GPS is easy to use and connect and can be integrated with Arduino. It
has output format of NMEA-0183 standard [20].
2.7 Battery
A recent advance in power storage technology, provide high capacity, light and robust power
source that has a large market spectrum of applications, including RC aircraft. A Lithium
Polymer Battery is used to power both the electronics components and the motors. It is
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Figure 2.16: Multiwii ZMR board type used as an IMU.
Figure 2.17: Devantech SRF04 Ultrasonic Range Finder.
Figure 2.18: Skylab UART GPS Module.
capable of providing 5200 mAh of current at 11.1 v and it has a weight of 413 g. Thus,
it is capable of providing the required power to the electronic components and the motors.
Moreover, IMAX B6 Balance Charger is used to charge this type of battery [21].
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CHAPTER 3
MODELING, IDENTIFICATION AND
CONTROL OF QUADROTOR
This chapter describes a methodology to identify all the parameters of the quadrotor con-
structed in the previous chapter. The identified parameters include the structure parameters
and rotor assembly parameters. These parameters will be used in the system simulation and
controller design later. A CAD model is developed using SOLIDWORKS to calculate the
mass moments of inertia and all the missing geometrical parameters. Three simple test rigs
are built and used to identify the relationship between the motor input Pulse Width Modu-
lation (PWM) signal and the angular velocities, the thrust forces, and drag moments of the
rotors. A simple algorithm is implemented to an IMU for estimating the attitude and altitude
of the quadrotor. Experimental set up is built to verify and test the accuracy of these estima-
tion and identification techniques. This is achieved by testing a controller designed based on
feedback linearization method to stabilize the quadrotor attitude.
3.1 Quadrotor Modeling
The quadrotor dynamic model is presented in this section to emphasis the importance of
the quadrotor parameters identification and to be used as a basis for modeling and control
synthesis of the proposed system presented latter. Figure 1.3 presents a schematic diagram
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of the quadrotor system with the relevant frames, in addition to, the corresponding drag
moment, force, and angular velocity of each propeller. There are some assumptions for the
dynamic model. First the quadrotor structure is symmetrical and rigid. Second the propeller
has a fixed pitch angle. Finally, the center of mass (CM) is coincident with the geometrical
center (GC). The equations of motion of the quadrotor were driven in [22, 23, 24].
The rotational kinematics of the quadrotor is represented through Euler Angles. A rigid
body is completely described by its position and orientation with respect to reference frame
{E}, OI-X Y Z, that it is supposed to be earth-fixed and inertial. Let define η1 as
η1 = [X ,Y,Z]T (3.1)
the vector of the body position coordinates in the earth-fixed reference frame. The vector η˙1
is the corresponding time derivative (expressed in the earth-fixed frame). If one defines
ν1 = [u,v,w]T (3.2)
as the linear velocity of the origin of the body-fixed frame {B}, OB-x y z, whose origin is
coincident with the center of mass (CM), with respect to the origin of the earth-fixed frame
expressed in the body-fixed frame (from now on: body-fixed linear velocity) the following
relation between the defined linear velocities holds:
ν1 = RBI η˙1 (3.3)
where RBI is the rotation matrix expressing the transformation from the inertial frame to the
body-fixed frame.
Let define η2 as
η2 = [φ,θ,ψ]T (3.4)
the vector of body Euler-angle coordinates in an earth-fixed reference frame. Those are com-
monly named roll, pitch and yaw angles and corresponds to the elementary rotation around
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X , Y and Z in fixed frame. The vector η˙2 is the corresponding time derivative (expressed in
the inertial frame). Let define
ν2 = [p,q,r]T (3.5)
as the angular velocity of the body-fixed frame with respect to the earth-fixed frame ex-
pressed in the body-fixed frame (from now on: body-fixed angular velocity). The vector η˙2
is related to the body-fixed angular velocity by a proper Jacobian matrix:
ν2 = Jvη˙2 (3.6)
The matrix Jv can be expressed in terms of Euler angles as:
Jv =

1 0 −S(θ)
0 C(φ) C(θ)S(φ)
0 −S(θ) C(θ)C(φ)
 (3.7)
where C(α) and S(α) are short notations for cos(α) and sin(α). The rotation RBI matrix
needed to transform the linear velocities, is expressed in terms of Euler angles by the follow-
ing:
RBI =

C(ψ)C(θ) S(ψ)C(θ) −S(θ)
−S(ψ)C(φ)+S(φ)S(θ)C(ψ) C(ψ)C(φ)+S(ψ)S(θ)S(φ) C(θ)S(φ)
S(ψ)S(φ)+C(ψ)S(θ)C(φ) −C(ψ)S(φ)+S(ψ)S(θ)C(φ) C(θ)C(φ)
 (3.8)
From Figure1.3, the angular velocity of rotor j, denoted withΩ j, creates a thrust force Fj
and drag moment M j. Based on the momentum theory, both thrust force and drag moment
are proportional to the square of the angular speed of the propeller. The consumed power of
rotor j, Pj, is the drag moment times the angular velocity as stated in the following equations:
Pj =Ω jM j (3.9)
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Replacing this equation (3.9) in (2.4) leads to:
M j = cP
4ρr5
pi3
Ω2j (3.10)
Noting that all variables in equations (2.3) and (3.10) are constant with exception for angular
speed, propeller moment and thrust, we can rewrite these equations:
Fj = KFjΩ
2
j (3.11)
M j = KM jΩ
2
j (3.12)
where KM j and KFj are constants that respectively relate a propeller moment and thrust with
the angular speed.
The equation of motion of the quadrotor is obtained using Newton-Euler formalism.
mX¨ = T (C(ψ)S(θ)C(φ)+S(ψ)S(φ)) (3.13)
mY¨ = T (S(ψ)S(θ)C(φ)−C(ψ)S(φ)) (3.14)
mZ¨ =−mg+TC(θ)C(φ) (3.15)
Ixφ¨= θ˙φ˙(Iy− Iz)− Irθ˙Ω+ τa1 (3.16)
Iyθ¨= ψ˙φ˙(Iz− Ix)+ Irφ˙Ω+ τa2 (3.17)
Izψ¨= θ˙φ˙(Ix− Iy)+ τa3 (3.18)
The last three equations are derived, assuming that there are small variations in the three
angles φ, θ and ψ such that the corresponding time derivatives of Euler angles are equivalent
to the body-fixed angular velocities, i.e Jv = I(3x3) such that equation (3.6)becomes
ν2 = η˙2, (3.19)
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The variables in the above equations are defined as follows: m is the mass of the quadro-
tor. T is the total thrust applied to the quadrotor from all four rotors, and is given by:
T =
4
∑
j=1
(Fj) =
4
∑
j=1
(KFjΩ
2
j) (3.20)
τa1 , τa2 , and τa3 are the three input moments about the three body axes,These moments are
the rolling, pitching, yawing moment about x-, y-, and z-axis of the body frame respectively,
and they are given as:
τa1 = d(F4−F2) = d(KF4Ω24−KF2Ω22) (3.21)
τa2 = d(F3−F1) = d(KF3Ω23−KF1Ω21) (3.22)
τa3 =−M1+M2−M3+M4 =−KM1Ω21+KM2Ω22−KM3Ω23+KM4Ω24 (3.23)
d is the distance between the quadrotor center of mass and the rotation axis of the propeller.
Ω=Ω1−Ω2+Ω3−Ω4 (3.24)
Ir is the rotor inertia. I f is the inertia matrix of the vehicle around its body-frame assuming
that the vehicle is symmetric about x-, y- and z-axis and it is given by:
I f =

Ix 0 0
0 Iy 0
0 0 Iz
 (3.25)
The parameters presented in the previous equations are anonymous. They must be iden-
tified.
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3.2 Quadrotor Structure Parameters
A CAD model, as shown in Figure 3.1, is developed using SOLIDWORKS by modeling
all the parts of the quadrotor. The modeled parts are motors, electronic parts, battery and
the aluminum frames, which are assembled together. The rotor arms are manufactured from
aluminum sheet 1 mm thickness. These arms are engraved to lighten the total weight and
decrease the resistance of aerodynamics during flying. All these holes complicate the cal-
culations of the mass moment of inertia using the principal laws. So, the mass moments of
inertia of the quadrotor structure and rotors are extracted directly from the CAD model.
The inertia matrix obtained from the CAD model is diagonal and positive definite. Table
3.1 presents the mass moment of inertia about x-, y- and z-axis of the body frame, total mass,
the mass moment of inertia of the rotor Ir and center distance d between the rotor axis and
the quadrotor center. The mass of the quadrotor is also measured using a scale and found to
be enough close to the man obtained from the CAD model.
Figure 3.1: Quadrotor CAD Model.
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Table 3.1: Quadrotor Structure Parameters
Parameter Value Unit
Ix 13.215X10−3 kg.m2
Iy 12.522X10−3 kg.m2
Iz 23.527X10−3 kg.m2
Ir 33.216X10−6 kg.m2
d 223.5X10−3 m
m 0.952 kg
3.3 Rotor Assembly Identification
The rotor assembly (ESC, motor, and propeller) is the most important part which delivers
the lifting force that permits the quadrotor to fly. This assembly is consists of an ESC,
brushless DC motor and propeller that has two blades. To identify the rotor assembly, it is
needed to find the relationship between input and output of each motor. Motor voltage is
the input of the rotor assembly. However, PWM is used as input for its simplicity and it can
be directly programmed using Microcontroller Unit (MCU). Outputs of rotor assembly are
angular velocity, thrust force and drag moment.
3.3.1 Angular Speed Identification
The problem is that no direct relationship between the motor input signal and the propeller
angular speed exists. The input signal is PWM which is generated precisely using Arduino
Mega 2560 MCU. PMW signal in this case has a limited boundary from 1000µs to 2000µs.
Motors have no response in case of PWM values smaller than the lower limit. On the other
hand, a saturation phenomenon occurs for values larger than the upper limit of PWM. An
optical tachometer device is required to measure the output angular velocity of the propeller
in order to establish a direct relationship between PWM, and the angular velocity. How-
ever, this instrument is expensive. In addition, It use may decrease the accuracy due to its
interaction with the light structure of the rotor assembly.
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A solution for this problem is developed by using a simple microphone placed 2cm over
the tip of the propeller to work as a rudimentary tachometer. Figure 3.2 shows a clamping
vice used to clamp the quadrotor during the test. Microphone holder is used to ensure that the
microphone position over the propeller tip is high enough to avoid hitting by the propeller.
Figure 3.2: Test Rig for Identifying Rotor Angular Speed.
The concept of using microphone as a rudimentary tachometer is simple. At each time the
propeller pass under the microphone the air between the propeller and microphone is sucked
downward. In this case the microphone records the suction pulses. The microphone readings
can be captured in real time using MATLAB. This data is processed to obtain the number of
pulse-pairs per unit time which indicate the angular velocity accurately. The experiments are
made as follows. First, the readings are captured after 30 s from starting the motor rotation,
which make the motor reach to the steady state condition. Then suction pulses are recorded
for 5 s. This process is repeated three times for each PWM signal. Finally; these values are
averaged to determine the angular velocity for each motor at different PWM inputs.
The rotor angular speed is calculated by measuring the period of time between each
passage of the propeller blades Tp:
Ω=
pi
Tp
(3.26)
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Figure 3.3 shows a sample signal from the propeller sound. It can be noticed that each two
pulses can indicate a complete turn for the propeller. One can notice from Figure 3.3 that
the ratio between noise and pressure signal is very low. So, it is possible to identify the
sound pressure waves clearly due to the rotation of the propeller. The input/output data is
gathered for one motor. This data is used to determine the relationship between PWM and
rotor’s angular speed. All the rotors’ obtained data for the 4 rotors are plotted in Figure 3.4.
It is found that there is a linear relationship between the PWM, u, and the squared angular
velocity as stated in (3.27). It is observed from Figure 3.4 that the four rotors are not identical
in their angular velocities at the same value of PWM.
Figure 3.3: Propeller Sound Signal.
Ω2j = a ju j+b j (3.27)
After finishing the identification; constants for the four motors are obtained. Table 3.2
presents the values of these constants which satisfy the linear relationship (3.27). It is easy
now to obtain precise values for angular velocity to help in building a robust controller.
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Figure 3.4: Relationship Between motor PWM and rotor angular velocity.
Table 3.2: Curve Fitting Parameters for PWM V.S. Angular Velocity
Parameter Rotor 1 Rotor 2 Rotor 3 Rotor 4
a j 420.5 466 411.4 445
b j −4.06X105 −4.43X105 −3.92X105 −4.13X105
3.3.2 Thrust Force and Drag Moment Identifications
In this section, a new test rig is developed to measure the thrust force and drag moment
simultaneously. The test rig consists of a lever arm of 50 cm length and 25X25X1 mm
hollow square cross section. The arm is pivoted at its center point by steel pin of 10 mm
diameter. Rotor is mounted on one end of the lever arm using 4 screw bolts, M2.5. On
the other end, electronic balance is mounted under the lever arm. This lever mechanism is
clamped from the pivot pin to a clamping vice to prevent it from flying.
The concept of this lever mechanism is that the propeller rotation produces a vertical
upward thrust force. This force tends to rotate the lever arm about its pivot pin, and hence
generates an equivalent downward force at the other end of the arm. This force can be
measured using an electronic balance. The thrust force at certain motor speed is equal to the
difference between the balance reading at this motor speed and the balance reading at zero
motor speed. On the same time, the drawn current and voltage are measured as shown in
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Figure 3.5. The consumed power by the motor is then calculated, and from (3.9) the drag
moment is determined. The tests are carried out by varying the PWM from 1060 µs to 1800
Figure 3.5: Test Rig for Identifying Thrust Force and Drag Moment.
µs, to obtain the measurements of thrust, drawn current and voltage. Gathering data for all
motors is made by repeating the previous procedures. This data is plotted then fitted. It is
observed that there are linear relationships between PWM and both thrust force and drag
moment as shown in Figure 3.6 and Figure 3.7 respectively. TABLE 3.3 presents the values
of the constants in equations (3.28, 3.29) which express these linear relationships. It can be
noticed from Figure 3.6, and Figure 3.7 that the motors are not identical, and having variance
in the thrust force and the drag moment coefficients.
Fj = c ju j+d j (3.28)
M j = e ju j+h j (3.29)
Transformation from the motors signals u1, u2, u3 and u4 to system thrust and moments
T , τa1 , τa2 and τa3 is derived by substituting in (3.20,3.21,3.22 and 3.23) by (3.28, 3.29). It
is as following:
T = c1u1+ c2u2+ c3u3+ c4u4+d1+d2+d3+d4 (3.30)
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Figure 3.6: Relationship between Motor PWM and Rotor Thrust Force.
Figure 3.7: Relationship between Motor PWM and Rotor Drag Moment.
Table 3.3: Curve Fitting Parameters for PWM V.S. Thrust Force and Drag Moment
Parameter Rotor 1 Rotor 2 Rotor 3 Rotor 4
c j 0.6566 0.6029 0.6805 0.6119
d j −731.4 −674.4 −758.3 −660.5
e j 0.0001658 0.0001348 0.000172 0.000141
h j −0.1462 −0.1178 −0.1577 −0.126
τa1 = dc4u4−dc2u2+d(d4−d2) (3.31)
τa2 = dc3u3−dc1u1+d(d3−d1) (3.32)
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τa3 =−e1u1+ e2u2− e3u3+ e4u4−h1+h2−h3+h4 (3.33)
Equations (3.30-3.33) can be put in a matrix form as following:

T
τa1
τa2
τa3

︸ ︷︷ ︸
U
=

c1 c2 c3 c4
0 −dc2 0 dc4
−dc1 0 dc3 0
−e1 e2 −e3 e4

︸ ︷︷ ︸
G

u1
u2
u3
u4

︸ ︷︷ ︸
u j
+

d1+d2+d3+d4
d(d4−d2)
d(d3−d1)
−h1+h2−h3+h4

︸ ︷︷ ︸
A
(3.34)
and thus,
[ui] = G−1{[U ]− [A]} (3.35)
Now, after the identification, the direct relationships between the motors input signals,
and the quadrotor input thrust and moments are clearly derived. The previous equations
make the rotor control and its implementation into an embedded system easier which helps
in achieving robustness.
For system simulation purposes, determination of KFj and KM j parameters must be done.
From the data of Fj, M j and Ω2j , these parameters can be estimated and they are given in
Table 3.4.
Table 3.4: Rotor Assembly Parameters (KFj and KM j)
Parameter Rotor 1 Rotor 2 Rotor 3 Rotor 4 Unit
KFj 1.667x10
−5 1.285x10−5 1.711x10−5 1.556x10−5 kg.m.rad−2
KM j 3.965x10
−7 2.847x10−7 4.404x10−7 3.170x10−7 kg.m2.rad−2
3.4 IMU Sensor Fusion
Sensor fusion [25] is a term used to combine the data of different types of sensors to enhance
the accuracy of the measurements, and decrease the level of noise as much as possible.
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A Multiwii ZMR board type is used as an IMU which consists of high quality MEMS
sensors. The board containing a three axes gyroscope (ITG3205), a three axes accelerom-
eter (BMA180), a three axes magnetometer (HMC5883L), and embedded pressure sensor
(BMP085). All these sensors are connected to ATMEGA 328P microcontroller on the same
board as shown in Figure 3.8. This MCU handles all the readings from all sensors through
an I2C bus. IMU sensor fusion is done to combine all the sensors readings to estimate the
orientation of the quadrotor namely roll, pitch, and yaw angles as well as their rate. Multiwii
ZMR board in connected via serial port to Arduino Mega 2560 MCU, which has the main
control algorithm.
The main objective is to estimate the Euler angles of the quadrotor, in order to use these
angles as feedback signals for quadrotor attitude stabilization. These angles cannot be esti-
mated using a single sensor, because each sensor has its own problem. The disadvantage of
accelerometer is its mechanical vibration, while drift is the disadvantage of gyroscope. Di-
rection cosine matrix (DCM) complimentary filter algorithm is used to estimate the quadrotor
attitude [26]. DCM [27] is used to transform from the body frame to the earth frame. Then
a complimentary filter [28] is used to estimate the roll, and pitch angles based on fusing
gyroscope and accelerometer data together. The usage of gyroscope is to make fine tuning
for the DCM matrix which is returned by the accelerometer. Another complementary filter is
used to estimate the yaw angle by fusing the gyroscope and magnetometer data as shown in
Figure 3.9. Gyroscope is used with magnetometer to enhance the yaw angle determination
relative to the earth’s magnetic north. Finally the altitude is estimated using the pressure
sensor [29, 30, 31, 32, 33].
3.5 Testing and Results
After identifying all the quadrotor parameters and constructing the attitude estimation algo-
rithm, their verification and testing are desired. So, this section describes a control system
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Figure 3.8: IMU and Arduino board connection.
design based on the technique of feedback linearization which is used to test the attitude
stabilization of the quadrotor using the identified parameters.
Feedback linearization [34] is used to transform the nonlinear system dynamics into a
linear system. The control laws are chosen so that we can obtain a good tracking perfor-
mance. The controllers’ laws for the attitude namely roll, pitch, and yaw angles are stated as
follows:
τa1 = Ixuφ− θ˙ψ˙(Iy− Iz)+ Irθ˙Ω (3.36)
uφ = φ¨d+Kpφeφ+Kdφ e˙φ+Kiφ
t∫
0
eφdt (3.37)
τa2 = Iyuθ− φ˙ψ˙(Iz− Ix)− Irφ˙Ω (3.38)
uθ = θ¨d+Kpθeθ+Kdθ e˙θ+Kiθ
t∫
0
eθdt (3.39)
τa3 = Izuψ− φ˙θ˙(Ix− Iy) (3.40)
uψ = ψ¨d+Kpψeψ+Kdψ e˙ψ+Kiψ
t∫
0
eψdt (3.41)
Where Kp, Kd and Ki are the proportional, differential and integral gains respectively. These
gains are tuned manually in order to obtain a satisfied controller performance. Table 3.5
presents the used values of these parameters.
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Figure 3.9: Flowchart for Estimating Attitude of Quadrotor.
Two different test rigs are constructed to check the identified parameters of the quadrotor
and attitude estimation. Figure 3.10 presents the test rig which is used to perform stabilizing
control of roll, and pitch angles. This rig is a wooden bracket used to support the quadrotor.
It contains two holes to mount two cylindrical supports. Then the quadrotor is fixed to these
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Table 3.5: PID Controllers’ Parameters for quadrotor
Parameter φ θ ψ
Kp 100 85 0.01
Ki 10 10 250
Kd 1 1 260
supports. These supports allow the rotation about x-axis or y-axis. The controller which
presented in (3.36 - 3.41) has been implemented. These controllers are executed on Arduino
Mega 2560 MCU, with a sampling time of 1.8ms. Arduino Mega 2560 is connected to
MATLAB in order to record the measured data from the test rig. Figure 3.11 presents roll,
Figure 3.10: Roll and Pitch Angle Test Rig.
and pitch controllers’ responses. These controllers achieve the stability of the quadrotor, and
rotate the quadrotor successfully to the desired roll and pitch angles. For the roll angle a
small oscillation happens that ranges from 0.5o to −0.5o as shown in Figure 3.11(a). This
oscillation is satisfactory in the flying and it can be reduced by fine tuning of the controller
parameters. Figure 3.11(b) shows the response of the quadrotor to the pitch angle controller.
One can notice that a very small oscillation occurs. The range of this oscillation is between
0.2o and −0.1o. It is accepted for flying and hovering. The second test rig is designed to
control the yaw angle. This rig consists of two cylindrical tubes. One of them is fixed to the
ground using clamping vice. The other one is fixed to the quadrotor. A ball bearing is fitted
between these two tubes to facilitate the rotational motion about z-axis as shown in Figure
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(a) φ
(b) θ
Figure 3.11: Experimental Results for Testing Roll and Pitch Angles: a) φ and b) θ.
3.12. The experimental result for the yaw angle is presented in Figure 3.13. In this figure,
one can see that the controller achieves the stability of the yaw angle although the system
starts from large initial conditions.
Finally the experiments show that the quadrotor identified parameters are accurate in
such way that the feedback linearization algorithm stabilizes the quadrotor in an efficient
manner.
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Figure 3.12: Yaw Angle Test Rig.
Figure 3.13: Experimental Result for Testing Yaw Angle.
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CHAPTER 4
QUADROTOR MANIPULATION
SYSTEM MODELING
The proposed system consists of two-link manipulator attached to the bottom of a quadrotor.
The manipulator has two revolute joints. The axis of joint 1 (z0 in Figure 4.1) is parallel
to one in-plane axis of the quadrotor (x in Figure 4.1) and perpendicular to the axis of joint
2. Also, the axis of joint 2 (z1 in Figure 4.1) is parallel to the other in-plane axis of the
quadrotor (y in Figure 4.1) at extended configuration. So, the pitch and roll orientation of
the end effector is now possible independently on the longitudinal and lateral motion of the
quadrotor. Therefore, the end effector can perform any arbitrary position and orientation,
and hence, a 6DOF aerial manipulator is obtained.
The kinematic and dynamic analysis of the quadrotor were presented in Chapter 3.
4.1 System Kinematics
Figure 4.1 presents a sketch of the Quadrotor-Manipulator System with the relevant frames.
The frames are assumed to satisfy the Denavit-Hartenberg(DH) convention [35]. Table 4.1
presents DH parameters for the 2-Link Manipulator. The position and orientation of the
end effector relative to the body-fixed frame is easily obtained by multiplying the following
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Figure 4.1: Schematic of Quadrotor Manipulation System Frames
Table 4.1: DH Parameters for the Manipulator
Link(i) di ai αi θi
0 −L0 0 −pi/2 −pi/2
1 0 L1 pi/2 θ1
2 0 L2 0 θ2
homogeneous transformation matrices AB0 , A
0
1, A
1
2 :
AB0 =

0 0 1 0
−1 0 0 0
0 −1 0 −L0
0 0 0 1

(4.1)
A01 =

C(θ1) 0 S(θ1) L1C(θ1)
S(θ1) 0 −C(θ1) L1S(θ1)
0 1 0 0
0 0 0 1

(4.2)
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A12 =

C(θ2) −S(θ2) 0 L2C(θ2)
S(θ2) C(θ2) 0 L2S(θ2)
0 0 1 0
0 0 0 1

(4.3)
where θ1 and θ2 are the manipulator joints’ angles.
4.1.1 Forward Kinematics
Let define the position and orientation of the end effector expressed in the inertial frame, as
ηee1 and ηee2 respectively.
ηee1 = [xee,yee,zee]
T (4.4)
ηee2 = [φee,θee,ψee]
T (4.5)
The forward kinematics problem consists of determining the operational coordinates (ηee1
and ηee2) of the end effector, as a function of the quadrotor movements (X , Y , Z, and ψ)
as well as the motion of the manipulator’s joints (θ1 and θ2). This problem is solved by
computing the homogeneous transformation matrix composed of relative translations and
rotations.
The transformation matrix from the body frame to the inertial frame AIB which is:
AIB = R
I
B ∗ transl(X ,Y,Z) (4.6)
where RIB is 4x4 matrix , and transl(X ,Y,Z) is 4x4 matrix that describes the translation of X ,
Y and Z in the inertial coordinates.
The total transformation matrix that relates the end effector frame to the inertial frame is
T I2 , which is given by:
T I2 = A
I
BA
B
0A
0
1A
1
2 (4.7)
49
Define the general form for this transformation matrix as a function of end effector
variables(ηee1 and ηee2), as following:
Tee =

r11 r12 r13 xee
r21 r22 r23 yee
r31 r32 r33 zee
0 0 0 1

(4.8)
Equating (4.7) and (4.8), an expression for the parameters of Tee (ri j, xee, yee, and zee; i, j =
1,2,3) can be found, from which values of the end effector variables can determined. Euler
angles of the end effector (φee, θee and ψee) can be computed from the rotation matrix of Tee
as in [36].
4.1.2 Inverse Kinematics
The inverse kinematics problem consists of determining the quadrotor movements (X , Y , Z,
and ψ) as well as the motion of the manipulator’s joints (θ1 and θ2) as function of operational
coordinates (ηee1 and ηee2) of the end effector.
The inverse kinematics solution is essential for the robot’s control, since it allows to
compute the required quadrotor movements and manipulator joints angles to move the end
effector to a desired position and orientation.
The rotations of the end effector can be parameterized by using several methods one of
them, that is chosen, is the euler angles [36].
Equation (4.7) can be expressed, after putting φ = θ = 0 since we apply inverse kinematics
for reset position, as following:
T I2 =

C(ψ)S(θ2)+C(θ1)C(θ2)S(ψ) C(ψ)C(θ2)−C(θ1)S(ψ)S(θ2) S(ψ)S(θ1) X+L1C(θ1)S(ψ)+L2C(ψ)S(θ2)+L2C(θ1)C(θ2)S(ψ)
S(ψ)S(θ2)−C(ψ)C(θ1)C(θ2) C(θ2)S(ψ)+C(ψ)C(θ1)S(θ2) −C(ψ)S(θ1) Y −L1C(ψ)C(θ1)+L2S(ψ)S(θ2)−L2C(ψ)C(θ1)C(θ2)
−C(θ2)S(θ1) S(θ1)S(θ2) C(θ1) Z−L0−L1S(θ1)−L2C(θ2)S(θ1)
0 0 0 1

(4.9)
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From (4.9) and (4.8), the inverse kinematics of the system can be derived. According to the
structure of (4.9), the inverse orientation is carried out first followed by inverse position. The
inverse orientation has three cases as following:
CASE 1:
Suppose that not both of r13 , r23 are zero. Then from (4.9), we deduce that sin(θ1) 6= 0
and r33 6= ±1. In the same time, cos(θ1) = r33 and sin(θ1) = ±
√
1− r233 and thus,
θ1 = atan2(
√
1− r233,r33) (4.10)
or
θ1 = atan2(−
√
1− r233,r33) (4.11)
where the function atan2(.) is defined as: The function α = atan2(yy,xx) computes the arc
tangent function, where xx and yy are the cosine and sine, respectively, of the angle α. This
function uses the signs of xx and yy to select the appropriate quadrant for the angle α.
If we choose the value for θ1 given by Equation (4.10), then sin(θ1)> 0, and
ψ= atan2(r13,−r23) (4.12)
θ2 = atan2(r32,−r31) (4.13)
If we choose the value for θ1 given by Equation (4.11), then sin(θ1)< 0, and
ψ= atan2(−r13,r23) (4.14)
θ2 = atan2(−r32,r31) (4.15)
Thus there are two solutions depending on the sign chosen for θ1. If r13 = r23 = 0, then the
fact that Tee is orthogonal implies that r33 = ±1.
CASE 2:
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If r13 = r23 = 0 and r33 = 1, then cos(θ1) = 1 and sin(θ1) = 0, so that θ1 = 0. In this case,
the rotation matrix of (4.9)becomes
RI2 =

S(θ2+ψ) C(θ2+ψ) 0
−C(θ2+ψ) S(θ2+ψ) 0
0 0 1
 (4.16)
Thus the sum θ2+ψ can be determined as
θ2+ψ= atan2(r11,r12) (4.17)
We can assume any value for ψ and get θ2. Therefor, there are infinity of solutions.
CASE 3:
If r13 = r23 = 0 and r33 = -1, then cos(θ1) = -1 and sin(θ1) = 0, so that θ1 = pi. In this
case, the rotation matrix of (4.9) becomes:
RI2 =

S(θ2−ψ) C(θ2−ψ) 0
C(θ2−ψ) −S(θ2−ψ) 0
0 0 −1
 (4.18)
Thus, θ2−ψ can be determined as
θ2−ψ= atan2(r11,r12) (4.19)
We can assume any value for ψ and get θ2. Therefor, there are infinity of solutions.
In cases 2 and 3, putting ψ will lead to find θ2.
Finally, the inverse position is determined from:
X = xee− (L1C(θ1)S(ψ)+L2C(ψ)S(θ2)+L2C(θ1)C(θ2)S(ψ)) (4.20)
Y = yee− (−L1C(ψ)C(θ1)+L2S(ψ)S(θ2)−L2C(ψ)C(θ1)C(θ2)) (4.21)
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Z = zee− (Z−L0−L1S(θ1)−L2C(θ2)S(θ1)) (4.22)
4.2 System Dynamics
In Figure 4.2, a block diagram that shows the effects of adding a manipulator to a quadrotor
is presented.
For the manipulator dynamics, Recursive Newton Euler method [37] is used to derive the
equations of motion. Since the quadrotor is considered to be the base of the manipulator,
the initial linear and angular velocities and accelerations, used in Newton Euler algorithm,
are that of the quadrotor expressed in body frame. Applying the Newton Euler algorithm to
the manipulator considering that the link (with length L0) that is fixed to the quadrotor is the
base link, manipulator’s equations of motion can be obtained, in addition to, the forces and
moments, from manipulator, that affect the quadrotor.
Let us define for each link i, the following variables:
ωii, angular velocity of frame i expressed in frame i, ω˙
i
i, angular acceleration of frame i,
vii, linear velocity of the origin of frame i, v˙
i
ci , linear acceleration of the center of mass of
link i, v˙ii, linear acceleration of the origin of frame i, r
i
i , the vector from the origin of frame
(i−1) to the origin of link i, rici , the vector from the origin of frame (i−1) to the center of
mass of link i, gI , the vector of gravity expressed in inertial frame I, z(i−1)(i−1), is a unit vector
pointing along the ith joint axis and expressed in the (i−1)th link coordinate system, R(i−1)i ,
rotation matrix from frame i to frame (i−1), Iii , the inertia matrix of link i about its center of
mass coordinate frame, and f i(i,i−1) / n
i
(i,i−1) are the resulting force/moment exerted on link i
by link (i−1) at point O(i−1), where i= 1,2.
For the link 0:
ω00 = R
0
I ν2 (4.23)
ω˙00 = R
0
I ν˙2 (4.24)
r00 = [0,L0,0]
T (4.25)
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Figure 4.2: Effects of Adding a Manipulator to the Quadrotor
v00 = R
0
Bν1+ω
0
0xr
0
0 (4.26)
v˙00 = R
0
Bν˙1+ ω˙
0
0xr
0
0 +ω
0
0x(ω
0
0xr
0
0) (4.27)
For link i (i= 1,2) we calculate the following variables:
ωii = R
i
i−1(ω
i−1
i−1+ θ˙iz
i−1
i−1) (4.28)
ω˙ii = R
i
i−1(ω˙
i−1
i−1+ θ¨iz
i−1
i−1+ω
i−1
i−1xθ˙iz
i−1
i−1) (4.29)
vii = R
i
i−1v
i−1
i−1+ω
i
ixr
i
i (4.30)
v˙ii = R
i
i−1v˙
i−1
i−1+ ω˙
i
ixr
i
i+ω
i
ix(ω
i
ixr
i
i) (4.31)
v˙ici = v˙
i
i+ ω˙
i
ixr
i
ci +ω
i
ix(ω
i
ixr
i
ci) (4.32)
The inertial forces and moments acting on link i are given by:
F ii =−miv˙ici (4.33)
Nii =−Iii ω˙ii−ωiixIiiωii (4.34)
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The total forces and moments acting on link i are given by:
f ii,i−1 = f
i
i+1,i−migi−F ii (4.35)
nii,i−1 = n
i
i+1,i+( f
i
i + r
i
ci)x f
i
i,i−1− ricix f ii+1,i−Nii (4.36)
f i−1i,i−1 = R
i−1
i f
i
i,i−1 (4.37)
ni−1i,i−1 = R
i−1
i n
i
i,i−1 (4.38)
where,
z00 = [0,0,1]
T (4.39)
r11 = [L1,0,0]
T (4.40)
r1c1 = [−L1/2,0,0]T (4.41)
z11 = [0,0,1]
T (4.42)
r22 = [L2,0,0]
T (4.43)
r2c2 = [−L2/2,0,0]T (4.44)
The gravity vector expressed in frames 1 and 2 are:
g2 = R2I g
I (4.45)
g1 = R1I g
I (4.46)
where,
R1I = R
1
0R
0
BR
B
I (4.47)
R2I = R
2
1R
1
I (4.48)
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and,
gI = [0,0,−g]T (4.49)
Let links 1 and 2 be square beams of relatively small cross-sectional area, then
Iii =
miL2i
12

0 0 0
0 1 0
0 0 1
 (4.50)
where mi and Li are the mass and length of link i.
The torques acting on joints 1 and 2 are finally given by:
Tm1 = (n
0
1,0)
T z00+b1θ˙1 (4.51)
Tm2 = (n
1
2,1)
T z11+b2θ˙2 (4.52)
where, b1and b2 are friction coefficients.
The interaction forces and moments of the manipulator acting on the quadrotor expressed
in body frame, FBm,q and M
B
m,q are given as follows:
FBm,q
MBm,q
=
 RB0 03x3
skew(PBB0)R
B
0 R
B
0

 f 01,0
n01,0
 (4.53)
where, skew(.) is skew symmetric matrix [35] of PBB0 = [0,0,−L0]T , which is the position
vector of the origin O0 relative to frame B. The interaction forces expressed in the inertial
frame are:
F Im,q = R
I
BF
B
m,q (4.54)
The equations of motion of the manipulator are:
M1θ¨1 = Tm1 +N1 (4.55)
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M2θ¨2 = Tm2 +N2 (4.56)
where, Tm1 and Tm2 are the manipulator-actuators’ torques. M1, M2, N1, and N2 are nonlinear
terms and they are functions in the system states (η2,ν2, ν˙2, ν˙1,θ1,θ2, θ˙1, θ˙2).
The equations of motion of the quadrotor after adding the forces/moments applied by the
manipulator are:
mX¨ = T (C(ψ)S(θ)C(φ)+S(ψ)S(φ))+F Im,qx (4.57)
mY¨ = T (S(ψ)S(θ)C(φ)−C(ψ)S(φ))+F Im,qy (4.58)
mZ¨ =−mg+TC(θ)C(φ)+F Im,qz (4.59)
Ixφ¨= θ˙φ˙(Iy− Iz)− Irθ˙Ω+Ta1 +MBm,qφ (4.60)
Iyθ¨= ψ˙φ˙(Iz− Ix)+ Irφ˙Ω+Ta2 +MBm,qθ (4.61)
Izψ¨= θ˙φ˙(Ix− Iy)+Ta3 +MBm,qψ (4.62)
where F Im,qx , F
I
m,qy , and F
I
m,qz are the interaction forces from the manipulator to the quadrotor
in X ,Y , and Z directions defined in the inertial frame, and MBm,qφ , M
B
m,qθ , and M
B
m,qψ are the
interaction moments from the manipulator to the quadrotor around X , Y , and Z directions
defined in the inertial frame.
4.2.1 Effect of adding a payload to the manipulator’s end effector
Applying a payload of mass equal to mp (see Figure 4.3) will change link 2’s parameters
such as mass moments of inertia, total mass of this link, and center of gravity of this link as
following:
I`22 = I
2
2 +m2( `dCG2−dCG2)2+mp(L2− `dCG2)2 (4.63)
`dCG2 =
m2dCG2 +mpL2
m2+mp
(4.64)
m`2 = m2+mp (4.65)
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Figure 4.3: Schematic Diagram of Link 2 after Adding the Payload
where CG2 is the point of center of gravity of link 2, and (.`) refers to the value of the
parameter after adding the payload.
Changing the point of center of gravity of link 2 will change the r2c2 to be
r2c2 = [−(L2− `dCG2),0,0]T (4.66)
Substituting from the equations(4.63, 4.65 and 4.66) in the previous dynamic equations,
we can study the effect of picking/placing the payload (mp).
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CHAPTER 5
CONTROLLER DESIGN AND
SIMULATION RESULTS OF THE
PROPOSED SYSTEM
5.1 Controller Design for the Quadrotor Manipulation sys-
tem
Quadrotor is an under-actuated system, because it has four inputs (angular velocities of its
four rotors) and six variables to be controlled. By observing the operation of the quadrotor,
one can find that the movement in X- direction is based on the pitch rotation, θ. Also the
movement in Y - direction is based on the roll rotation, φ. Therefore, motion along X- and
Y -axes will be controlled through controlling θ and φ.
Figure 5.1 presents a block diagram of the proposed control system. The desired values
for the end effector’s position (xeed , yeed and zeed ) and orientation (φeed , θeed and ψeed ) are
converted to the desired values of the quadrotor (Xd , Yd , Zd and ψd) and joints variables (θ1d
and θ2d ) through the inverse kinematics that are derived in Chapter 4. Next, these values
is applied to a trajectory generation algorithm which will be explained later. After that,
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the controller block receives the deired values and the feedback signals from the system and
provides the control signals (T , τa1 , τa2 , τa3 , Tm1 and Tm2). The matrix G of the control mixer,
in Figure 5.1, is used to transform the assigned thrust force and moments of the quadrotor
(the control signals) from the controller block into assigned angular velocities of the four
rotors. This matrix can be derived from (3.20-3.23) and presented as following:

Ω21
Ω22
Ω23
Ω24

=

KF1 KF2 KF3 KF4
0 −dKF2 0 dKF4
−dKF1 0 dKF3 0
−KM1 KM2 −KM3 KM4

−1
︸ ︷︷ ︸
G

T
τa1
τa2
τa3

(5.1)
Finally, The actual values of the quadrotor and joints are converted to the actual values
of the end effector variables through the forward kinematics which are derived in Chapter 4.
The control design criteria are to achieve system stability and zero position error, for
the movements in X , Y , Z, and ψ directions as well as for joints’ angles θ1 and θ2 and
consequently for the end effector variables (ηee1 and ηee2), under the effect of:
• Picking and placing a payload.
• Changing the operating region of the system.
Noting that in the task space, a position tracking is implemented, and in the joint space,
trajectory tracking is required.
5.2 Trajectory Generation
Quintic Polynomial Trajectories [35] are used as the reference trajectories for X , Y , Z, ψ, θ1,
and θ2. Those types of trajectories have sinusoidal acceleration which is better in order to
avoid vibrational modes.
The desired values of end effector position and orientation (Multi-region of operation
and point-to-point control) are with the following values:
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Figure 5.1: Block Diagram of the Control System
• xeed = 5 m to 20 m then 60 m.
• yeed = 5 m to 20 m then 60 m.
• zeed = 5 m to 20 m then 60 m.
• φeed = 0.5 rad to 1 rad then 1.5 rad
• θeed = 0.5 rad to 1 rad then 1.5rad
• ψeed = 0.5 rad to 1 rad then 1.5 rad
Figure 5.2 shows the generated desired trajectories for X , Y , Z, φ, θ and ψ using the inverse
kinematics and then the algorithm for generating the trajectories.
5.3 Feedback Linearization Based PID Controller
This section discusses the control system design based on the technique of feedback lin-
earization [35, 34]. Feedback linearization transforms the nonlinear system dynamics into a
linear system. Then the control laws are chosen so that zero tracking errors are achieved.
Figure 5.3 presents the block diagram of this control technique. In this Figure, the non-
holonmic constraints are used to determine the desired trajectories of θ and φ from the de-
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Figure 5.2: The Generated Desired Trajectories for the Quadrotor and Manipulator Variables:
a) X, b) Y, c) Z, d) ψ, e) θ1, and f) θ2.
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Figure 5.3: Details of the Controller Block in Case of Feedback Linearization
sired trajectories of X , Y , Z, ψ, θ1, and θ2 and their derivatives. Then feedback linearization
controllers are used to obtain a zero tracking errors for θ, φ, Z, ψ, θ1 and θ2.
The nonholonmic constraints define the coupling between various states of the system.
They are used to determine the desired trajectories of θ and φ. From the equations of the
translation dynamics (4.57-4.59), one can extract the expressions of these high order non-
holonmic constraints:
sin(φ) =
(X¨−F Im,qx)sin(ψ)− (Y¨ −F Im,qy)cos(ψ)√
(X¨−F Im,qx)2+(Y¨ −F Im,qy)2+(Z¨+g−F Im,qz)2
(5.2)
tan(θ) =
(X¨−F Im,qx)cos(ψ)+(Y¨ −F Im,qy)sin(ψ)
Z¨+g−F Im,qz
(5.3)
where F Im,qx , F
I
m,qy , and F
I
m,qz are functions of the system states and their derivatives.
Putting subscript d to all variables in (5.2) and (5.3), then φd and θd can be obtained
numerically.
Z-Controller can be developed by expressing the equation of motion in Z-direction in the
following form:
(mZ¨+mg−F Im,qz)/(C(φ)C(θ)) = T (5.4)
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The following control input will cancel out the nonlinearities in the system;
T = (muz+mg−F Im,qz)/(C(φ)C(θ)) (5.5)
where,
uZ = Z¨d+Kpzez+Kdz e˙z+Kiz
t∫
0
ezdt (5.6)
This control law leads to the exponential stable dynamics
e¨z+Kdz e˙z+Kpzez+Kiz
t∫
0
ezdt = 0 (5.7)
which implies that the error, ez→ 0.
For φ, θ, ψ, θ1 and θ2 controllers, similar control laws are chosen:
τa1 = Ixuφ− θ˙ψ˙(Iy− Iz)+ Irθ˙Ω−MBm,qφ (5.8)
where,
uφ = φ¨d+Kpφeφ+Kdφ e˙φ+Kiφ
t∫
0
eφdt (5.9)
τa2 = Iyuθ− φ˙ψ˙(Iz− Ix)− Irφ˙Ω−MBm,qθ (5.10)
where,
uθ = θ¨d+Kpθeθ+Kdθ e˙θ+Kiθ
t∫
0
eθdt (5.11)
τa3 = Izuψ− φ˙θ˙(Ix− Iy)−MBm,qψ (5.12)
where,
uψ = ψ¨d+Kpψeψ+Kdψ e˙ψ+Kiψ
t∫
0
eψdt (5.13)
Tm1 =M1uθ1−N1 (5.14)
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Table 5.1: System Parameters
Par. Value Unit Par. Value Unit
KF 1.667x10−5 Kg.m.rad−2 L0 30x10−3 m
KM 3.965x10−7 Kg.m2.rad−2 L1 70x10−3 m
m 1 kg L2 85x10−3 m
d 223.5X10−3 m m0 30x10−3 kg
Ix 13.215X10−3 N.m.s2 m1 55x10−3 kg
Iy 12.522X10−3 N.m.s2 m2 112x10−3 kg
Iz 23.527X10−3 N.m.s2 Ir 33.216X10−6 N.m.s2
where,
uθ1 = θ¨1d+Kpθ1eθ1 +Kdθ1 e˙θ1 +Kiθ1
t∫
0
eθ1dt (5.15)
Tm2 =M2uθ2−N2 (5.16)
where,
uθ2 = θ¨2d+Kpθ2eθ2 +Kdθ2 e˙θ2 +Kiθ2
t∫
0
eθ2dt (5.17)
where Kp, Kd and Ki are the controller parameters.
5.3.1 Simulation Results
The system equations of motion and the control laws are simulated using MATLAB/SIMULINK
program. The identified Parameters of the system obtained in Chapter 3 are listed in Table
5.1. The controller parameters of the feedback linearization controller are given in Table
5.2. Those parameters are tuned to get the required system performance.
The controller are tested to stabilize and track the desired trajectories under the effect of
picking a payload of value 150 g at instant 15 s and placing it at instant 65 s. The simulation
results are presented in Figure 5.4. These results show that the controller design based on
feedback linearization can track the desired trajectories before picking the payload, but at
the instant of picking and then holding the payload, it fails to track the desired trajectories
and the system becomes unstable even if the payload is released.
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Figure 5.4: The Actual Response of Feedback Linearization Technique for the Quadrotor
and Manipulator Variables: a) X , b) Y , c) Z, d) ψ, e) θ1, f) θ2, g) φ, and h) θ.
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Table 5.2: Feedback Linearization Controller Parameters
Par. Value Par. Value
[KpzKdzKiz] [16,8,0.01] [KpψKdψKiψ] [16,8,0.01]
[KpφKdφKiφ ] [100,8,10] [Kpθ1Kdθ1Kiθ1] [16,8,0.01]
[KpθKdθKiθ ] [100,8,10] [ [Kpθ2Kdθ2Kiθ2] [16,8,0.01]
The end effector position and orientation can be found from the forward kinematics (see
Figure 5.5).
The derived forward kinematics in Chapter 4 is used only at the end position where φ and
θ are zero. If you want to use it at trajectory, you must modify it.
From the above discussion and results, the following items can be concluded about the
performance of feedback linearization technique:
• It provides a good trajectory tracking capabilities but it fail to make system stable
against adding the payload.
• Due to the high nonlinearities and the complex dynamics in the system, the control
laws are very complex and difficult to be implemented onboard (implementation in
real time).
• Therefore, their is a need for an adaptive control technique to overcome the mentioned
problems with lower complexity.
5.4 Direct Fuzzy Logic Control
Recently, fuzzy logic control [38, 39] has become an alternative to conventional control al-
gorithms to deal with complex processes and combine the advantages of classical controllers
and human operator experience.
An intelligent controller, based on Direct Fuzzy Logic Control (DFLC), for a quadrotor
was designed and presented in [4]. In this work, a modification of this technique is done and
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Figure 5.5: The Actual Response of Feedback Linearization Technique for the End Effector
Position and Orientation: a) xee, b) yee, c) zee, d) φee, e) θee, and f) ψee.
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Figure 5.6: Details of the Controller Block in Case of DFLC
used to control the quadrotor-manipulator system to achieve the required objectives men-
tioned in Section 5.1.
In Figure 5.6 , three fuzzy controllers are designed to control the quadrotor’s roll (φ),
pitch(θ) and yaw(ψ) angles, denoted by FLCφ, FLCθ, and FLCψ , respectively, with the
former two serving as attitude stabilizers. Three fuzzy controllers, FLCx, FLCy and FLCz,
are designed to control the quadrotor’s position. Also two fuzzy controllers FLCθ1 and FLCθ2
are designed to control the two joints’ angles of the manipulator.
All eight fuzzy controllers have similar inputs that are:
• The error e= (.˜) = (.)d− (.) , which is the difference between the desired signal (.)d
and its measured value (.). This input is normalized to the interval [-1, +1].
• The error rate c, which is normalized to the interval [-3, +3].
In this control strategy, the desired pitch and roll angles, θd and φd , are not explicitly
provided to the controller. Instead, they are continuously calculated by controllers FLCx and
FLCy in such a way that they stabilize the quadrotor’s attitude. First, we convert the error
and its rate of X and Y that is defined in the inertial frame into their corresponding values
defined in the body frame. This conversion is done using the transformation matrix defined
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Table 5.3: Rule Base of the DFLC
e/c N Z P
N N N Z
Z N Z P
P Z P P
in (3.8) assuming small angles (φ and θ) as following:
x˜= X˜ cos(ψ)+ Y˜ sin(ψ) (5.18)
˙˜x= ˙˜X cos(ψ)+ ˙˜Y sin(ψ) (5.19)
y˜= X˜ sin(ψ)− Y˜ cos(ψ) (5.20)
˙˜y= ˙˜X sin(ψ)− ˙˜Y cos(ψ) (5.21)
The input and output membership functions of each FLC are tuned and chosen to be as
shown in Figure 5.7 with the linguistic values N (Negative), Z (Zero), and P (Positive). Also
the input and output scaling factors for the error, change of error, and fuzzy output (Kei , Kci ,
and Kui; i = x, y, z, φ, θ, ψ, θ1, θ2) of each FLC are tuned such that required performance is
obtained.
The rule base of each FLC block is the same and is designed to provide a PD-like fuzzy
controller. This rule base is given in Table 5.3. A Mamdani fuzzy inference method is used
with a min-max operator for the aggregation and the center of gravity method for defuzzifi-
cation.
There is a need to add an ’Offset’ value to the control signal from the FLCZ(T ) in order
to counter balance the weight of the quadrotor. This value is tuned.
It is important to note that the fuzzy controllers are designed in light of the knowledge
acquired on the system’s behavior and from its dynamic model. This property sets the fuzzy
controllers apart from conventional controllers which depend on the plant’s mathematical
model [4].
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(a) Input Variable error e
(b) Input Variable error rate c
(c) Output Variable u
Figure 5.7: Input and Output Membership Functions of DFLC: a) Error , b) Error Rate, and
c) Out put.
5.4.1 Simulation Results
The system equations of motion and the control laws are simulated using MATLAB/SIMULINK
program.
The controller parameters of the direct fuzzy logic controller are given in Table 5.4.
Those parameters are tuned to get the required system performance.
The controller are tested to stabilize and track the desired trajectories under the effect of
picking a payload of value 150 g at instant 15 s and placing it at instant 65 s.
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Table 5.4: DFLC Parameters
Par. Value Par. Value
[KexKcxKux ] [.007, .05,5] [KeyKcyKuy ] [.007, .05,5]
[KezKczKuz] [1, .3,16.5] [KeψKcψKuψ ] [1, .5,0.2]
[KeφKcφKuφ ] [.5, .5,9] [Keθ1Kcθ1Kuθ1 ] [2, .05,4]
[KeθKcθKuθ ] [.5, .5,10] [ [Keθ2Kcθ2Kuθ2 ] [5, .3,0.3]
Of f set 7.85 N
The simulation results are presented in Figure 5.8. These results show that DFLC is
able to track the desired trajectories before, during picking, and holding the payload. How-
ever, the DFLC fails to track the desired trajectories during changing the region of operation
(operating point) because it need to retune its scaling factors.
The end effector position and orientation can be found from the forward kinematics (see
Figure 5.9).
From the above discussion and results, the following items can be concluded about the
performance of DFLC technique:
• DFLC technique succeeds to make system stable against adding the payload. How-
ever, it fails to provides a good trajectory tracking capabilities with different operation
regions.
• DFLC suffers from the necessity of calibrating and determining the offset value which
is affected by payload value and cannot be estimated accurately.
• Moreover, Considering the complexity of the controller implementation in real time,
DFLC is fairly simple.
• Therefore, their is a need for high performance and more robust adaptive control tech-
nique to overcome these problems.
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Figure 5.8: The Actual Response of DFLC Technique for the Quadrotor and Manipulator
Variables: a) X , b) Y , c) Z, d) ψ, e) θ1, f) θ2, g) φ, and h) θ.
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Figure 5.9: The Actual Response of DFLC Technique for the End Effector Position and
Orientation: a) xee, b) yee, c) zee, d) φee, e) θee, and f) ψee.
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5.5 Adaptive Fuzzy Logic Control
In this section, an adaptive fuzzy logic control based on ”Fuzzy Model Reference Learning
Controller” (FMRLC) is designed to control the proposed quadrotor manipulation system.
This control technique is presented in details in [38, 40, 41, 42, 43].
The main drawback of fuzzy controllers is the large amount of parameters to be tuned.
Also, the DFLC designed in Section 5.4 needs to retune its parameters in each operation
region. Moreover, the fuzzy controller constructed for the nominal plant may later perform
inadequately if significant and unpredictable plant parameter variations, or environmental
disturbances occur [40].
Many tuning methods are applied to improve the performance of fuzzy controllers such
as fuzzy supervisors, genetic algorithms, and the ant colony algorithms. All these methods
are capable of generating the optimum parameters to the control system but at the cost of
computational time. [44].
In this work, a learning control algorithm is used which helps to resolve some of these
fuzzy controller design issues. This algorithm employs a reference model (a model of how
you would like the plant to behave) to provide closed-loop performance feedback for tuning
a fuzzy controller’s knowledge-base.
The learning control technique, which is shown in Figure 5.10, operates as following:
first, it observes data from a fuzzy control system, then it characterizes its current perfor-
mance, and finally, adjusts the fuzzy controller such that some pre-determined performance
objectives are met. These performance objectives are characterized via the reference model.
The control system design is the same as in Figure 5.6 by replacing each of the FLCz,
FLCφ, FLCθ, FLCψ, FLCθ1 and FLCθ2 block with the block shown in Figure 5.10. However,
there is no need for the offset value that is used in Figure 5.6 because the FMRLC can
compensate the quadrotor weight. The blocks of FLCx and FLCy are still the same because
there is no need for adaptation here, since these blocks are used to map the relation between
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Figure 5.10: Functional Block Diagram for the FMRLC
the error in X andY directions into the required roll and pitch motions based on the operation
of the quadrotor.
The functional block diagram for the FMRLC is shown in Figure 5.10.
5.5.1 The Fuzzy Controller
The plant in Figure 5.10 has output y (which can be Z, φ, θ, ψ, θ1 or θ2) ,and an input
u (which can be T , τa1 , τa2 , τa3 , Tm1 or Tm2). The scaling controller gains ge, gc, and gu
for the error, e, change in error, c, and controller output, u, are used respectively, such that
the universe of discourse of all inputs and outputs are the same and equal to [-1, 1]. These
parameters are tuned to get required performance.
The membership functions are chosen to be 11 symmetric triangular-shaped functions
for each controller input as shown in Figure 5.11. The fuzzy sets for the fuzzy controller
output are assumed to be symmetric and triangular-shaped with a base width of 0.4, and all
centered at zero on the normalized universe of discourse. They are what the FMRLC will
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(a) Input Variable error e
(b) Input Variable error rate c
Figure 5.11: Input Membership Functions of Fuzzy Controller of FMRLC: a) Error (e) and
b) Error Rate (c).
automatically tune through the learning mechanism. Thus, the initial rule base elements are
set to zeros.
The rule-base for the fuzzy controller has rules of the form:
IF e is E i AND e˙ is CE j THEN u is Um
where E i (CE j) denotes the ith ( jth) linguistic value associated with e (c), respectively. Um
denotes the consequent linguistic value associated with u.
The centers of the input membership functions are tuned using the auto-tuning mecha-
nism shown in figure 5.10. Mamdani fuzzy inference method is used with a min-max opera-
tor for the aggregation. The standard center of gravity is used as a defuzzification technique.
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5.5.2 The Reference Model
The reference model is used to quantify the desired performance. A 1st order model is chosen
as the reference model:
ym(s)
r(s)
=
1
τciS+1
(5.22)
where ym(s) is the output response of the reference system, and r(s) is the desired value of
the plant. τci (i = z, φ, θ, ψ, θ1, and θ2) is the time constant of the reference model. The
value of this time constant is tuned such that it is suitable with the dynamics of the system.
The performance of the overall system is computed with respect to the reference model
by the learning mechanism by generating an error signal:
ye = ym− y (5.23)
5.5.3 The Learning Mechanism
The learning mechanism tunes the rule-base of the direct fuzzy controller so that the closed-
loop system behaves like the reference model. Based on the performance of the reference
model and the plant under control, the learning mechanism will take the required action.
If the performance is met (i.e. ye is small), then the learning mechanism will not make
significant modifications to the fuzzy controller. On the other hand, if ye is big, the desired
performance is not achieved and the learning mechanism must adjust the fuzzy controller.
The learning mechanism consists of two parts, fuzzy inverse model and knowledge-base
modifier.
The Fuzzy Inverse Model
The fuzzy inverse model performs the function of mapping ye (representing the deviation
from the desired behavior), to changes in the process inputs p that are necessary to force ye
to be zero.
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The input to the fuzzy inverse model, in Figure 5.10, includes the error (ye) and change
in error (y˙e that is yc) between the reference model (ym) and the plant’s output (y). Also, it
has scaling gains, gye , gyc and gp for normalization of its universe of discourses of ye, yc and
p respectively.
For each of these inputs, 11 symmetric and triangular-shaped membership functions are
used as shown in Figure 5.12. Also, for the output universe of discourse, 11 symmetric
triangular-shaped membership functions, with a base width of 0.4, are chosen. The rule-base
for the fuzzy controller has rules of the form:
IF ye is Y ke AND yc is Y
s
c THEN p is P
m
where Y ke and Y
s
c denote the k
th (sth) linguistic value associated with ye(yc), respectively, and
Pm denotes the consequent linguistic value associated with p.
Denoting the center of the output membership function for this rule ck,s that it is the center
associated with the output membership function that has the kth membership function for the
ye universe of discourse and the sth membership function for the yc universe of discourse.
The rule base array shown in Table 5.5 is employed for the fuzzy inverse model. The entries
of the table represent the center values of symmetric triangular-shaped membership functions
ck,s with base widths 0.4 for output fuzzy sets Pm on the normalized universe of discourse.
For example, if k = s = 0, then we see from the table that ck,s = c0,0 = 0 (this is the center
of the table). This cell in the table represents the rule that says ”if ye = 0 and yc = 0 then y is
tracking ym perfectly”, so there is no need to update the fuzzy controller. Thus, the output of
the fuzzy inverse model will be zero. On the other hand, if k = 2 and s = 1, then ck,s = c2,1 =
0.6. This rule indicates that ”if ye is positive (i.e., ym is greater than y) and yc is positive (i.e.,
ye is increasing), then increase value of p such that increase value of u.
Mamdani fuzzy inference method is used with a min-max operator for the aggregation
and the standard center of gravity is used as defuzzification technique.
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(a) Input Variable error ye
(b) Input Variable error rate yc
(c) Output Variable p
Figure 5.12: Input Membership Functions of Fuzzy Inverse Model of FMRLC: a) Error(ye),
b) Error Rate (yc), and c) Out put (p).
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Table 5.5: Knowledge-Base Array for the Fuzzy Inverse Model
Y sc
ck,s -5 -4 -3 -2 -1 0 1 2 3 4 5
-5 -1 -1 -1 -1 -1 -1 -0.8 -0.6 -0.4 -0.2 0
-4 -1 -1 -1 -1 -1 -0.8 -0.6 -0.4 -0.2 0 0.2
-3 -1 -1 -1 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4
-2 -1 -1 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
-1 -1 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Y ke 0 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1
2 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1 1
3 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1 1 1
4 -0.2 0 0.2 0.4 0.6 0.8 1 1 1 1 1
5 0 0.2 0.4 0.6 0.8 1 1 1 1 1 1
The Knowledge-Base Modifier
Given the information about the necessary changes in the input, which are represented by p,
to force the error ye to zero, the knowledge-base modifier changes the rule-base of the fuzzy
controller so that the previously applied control action will be modified by the amount p.
Consider the previously computed control action u(t−1), and assume that it contributed
to the present good or bad system performance. Note that e(t−1) and c(t−1) would have
been the error and change in error that were input to the fuzzy controller at that time. By
modifying the fuzzy controller’s knowledge-base, we may force the fuzzy controller to pro-
duce a desired output u(t− 1) + p(t), which we should have put in at time (t− 1) to make
ye smaller. Then, the next time we get similar values for the error and change in error, the
input to the plant will be one that will reduce the error between the reference model and plant
output.
Let bm denote the center of the membership function associated with Um. Knowledge-
base modification is performed by shifting centers bm of the membership functions of the
output that are associated with the fuzzy controller rules that contributed to the previous
control action u(t−1).
This knowledge-base modifier works as following:
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• Define ”active set” of rules at time (t − 1) to be all the rules in the fuzzy controller
whose membership value is:
µi(e(t−1),c(t−1))> 0 (5.24)
• For all rules in the active set, use (5.25) to modify the output membership function
centers.
bm(t) = bm(t−1)+ p(t) (5.25)
Rules that are not in the active set do not have their output membership functions modified.
5.5.4 Auto-Tuning Mechanism
With the auto-tuning for the input scaling gains of the fuzzy controller, the centers of the
input membership functions are tuned.
Note that the range covered by the linguistic term is reduced by increasing the scaling
factor (decreasing the domain interval of the universe of discourse), and thus the true mean-
ings of a membership function can be varied by the gains applied.
Tuning procedure that changes the gains ge and gc is altering the coverage of the control
surface. Note that for a rule-base with a fixed number of rules, when the domain interval
of the input universes of discourse are large (i.e., small ge and gc ), it represents a ”coarse
control” action; and when the input universes of discourse are small (i.e. large ge and gc ),
it represents a ”fine control” action. Hence, we can vary the ”granularity” of the rule-base
near the point where the system is operating (e.g. the center region of the rule-base map by
varying the gains ge and gc.
The gains ge and gc are adjusted so that a smaller rule-base can be used on the input
range needed the most. This is done by adjusting the meaning of the linguistic values based
on the most recent input signals to the fuzzy controller so that the control surface is properly
focused on the region that describes the system activity.
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In the standard FMRLC design, the system performance is degraded with variation in the
desired input value. An auto-tuning mechanism is used in [41] to tune ge and gc gains online
as following:
Let the maximum of each fuzzy controller inputs (e,c) over a time interval of the last Ta
seconds be denoted by maxTa{e} and maxTa{c}. Then this maximum value is defined as the
gain of each input e and c so that,
ge =
1
maxTa{e}
and gc =
1
maxTa{c}
(5.26)
However, values of ge and gc must be limited to a maximum value; otherwise each input
universe of discourse for the fuzzy controller may become zero that is when the these gains
go to infinity.
The learning mechanism should operate at a higher rate than the auto-tuning mechanism
in order to try to assure stability. If the auto-tuning mechanism is designed to be faster
than the learning mechanism, the learning mechanism will not be able to catch up with the
changes made by the auto-tuning mechanism so it will never be able to learn the rule-base
correctly.
5.5.5 Simulation Results
The system equations of motion and the control laws of the FMRLC are simulated using
MATLAB/SIMULINK program.
The controller parameters of the FMRLC controller are given in Table 5.6. Those param-
eters are tuned to get the required system performance.
The controller are tested to stabilize and track the desired trajectories under the effect of
picking a payload of value 150 g at instant 15 s and placing it at instant 65 s.
The simulation results are presented in Figure 5.13. These results show that FMRLC is
able to track the desired trajectories (with different operating regions) before, during picking,
holding, and placing the payload with zero tracking error.
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Figure 5.13: The Actual Response of FMRLC Technique for the Quadrotor and Manipulator
Variables: a) X , b) Y , c) Z, d) ψ, e) θ1, f) θ2, g) φ, and h) θ.
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Table 5.6: FMRLC Parameters
Par./Val. Z φ θ ψ θ1 θ2
ge−initial 1/5 2 2 1/3 1/60 1/60
gc−initial 1/10 1 1 1/30 1/1000 1/1000
gu 16.5 0.93 0.93 0.19 0.63 0.32
gye 1/60 1/.1 1/.1 1/.1 1/2 1/1.5
gyc 1/15 1/.1 1/.1 1/.1 1/2 1/1.5
gp 3 0.0029 0.0029 0.0019 0.0063 9.6e-4
τc(s) 0.03 0.01 0.01 0.01 0.1 0.1
Ta(s) 0.1 0.05 0.05 0.05 0.1 0.1
The end effector position and orientation can be found from the forward kinematics (see
Figure 5.14).
From the above discussion and results, the following items can be concluded about the
performance of FMRLC technique:
• FMRLC technique succeeds to make system stable against adding/releasing the pay-
load with high accuracy, in addition to, provides a good trajectory tracking capabilities
with different operation regions.
• Considering the complexity of the controller implementation in real time, FMRLC is
moderate. It is more complicated than DFLC and simpler than feedback linearization.
• Therefore, FMRLC technique is able to achieve the performance objective of the sys-
tem.
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Figure 5.14: The Actual Response of FMRLC Technique for the End Effector Position and
Orientation: a) xee, b) yee, c) zee, d) φee, e) θee, and f) ψee.
86
CHAPTER 6
CONCLUSION AND FUTURE WORK
6.1 Conclusions
• Design, Kinematics, Dynamics and Control of a novel aerial manipulation system are
discussed.
• The new proposed system adds new features to the current aerial manipulation sys-
tems (quadrotor with a gripper) such that the end-effector becomes capable of making
arbitrary 6-DOF motion.
• Methodology to identify and verify the system parameters is implemented experimen-
tally.
• A controller was designed based on Feedback Linearization, DFLC, and FMRLC tech-
niques.
• The system equations of motion and the control laws are simulated using MAT-
LAB/SIMULINK program.
• Feedback linearization fails to make system stable against adding the payload. Also, it
has complex implementation in real time, because it puts the complex system dynamics
in the control laws.
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• DFLC technique succeeds to make system stable against adding/releasing the payload.
However, it fails to provides a good trajectory tracking capabilities with different oper-
ation regions. In addition, it suffers from the necessity of calibrating and determining
the offset value cannot be estimated accurately.
• FMRLC technique succeeds to make system stable against adding/releasing the pay-
load with high accuracy. In addition, it provides a good trajectory tracking capabilities
with different operation regions.
• Simulations results show that FMRLC has a superior performance compared with that
of Feedback linearization and DFLC. Moreover, these results indicate the feasibility
of the proposed quadrotor manipulation system.
6.2 Future Work
The final target is to build 6 DOF autonomous aerial manipulation system, and thus, there is
a need to do the following steps as a future work:
• Completing the experimental system.
• Adding a force sensor to the end effector in order to grasp and release the object
accurately and without damage.
• Estimation of the linear position (X ,Y ) using a differential GPS.
• Testing the proposed control techniques experimentally.
• Implementing a vision-based object detection.
• Designing a navigation algorithm such that the system can be fully Autonomous.
88
PUBLICATIONS
1. A. Khalifa, M. Fanni, A. Ramadan, and A. Abo-Ismail, ”Modeling and Control of
a New Quadrotor Manipulation System”, 2012 IEEE/RAS International Conference
on Innovative Engineering Systems, IEEE ICIES 2012, Dec 7-9, 2012, pp.109114,
Alexandria, Egypt.
2. M. Elsamanty, A. Khalifa, M. Fanni, A. Ramadan, and A. Abo-Ismail, ”Methodol-
ogy for Identifying Quadrotor Parameters, Attitude Estimation and Control”, 2013
IEEE/ASME International Conference on Advanced Intelligent Mechatronics ”AIM
2013”, July 9-12, 2013, Wollongong, Australia.
3. A. Khalifa, M. Fanni, A. Ramadan, and A. Abo-Ismail, ”Adaptive Intelligent Con-
troller Design for a New Quadrotor Manipulation System”, 2013 IEEE International
Conference on Systems, Man, and Cybernetics ”IEEE SMC 2013”, Oct. 13-16, 2013,
Manchester, United Kingdom. (To appear)
89
90
REFERENCES
[1] J. Domingues, “Quadrotor prototype,” Master’s thesis, Technical University of Lisbon,
Portugal, 2009.
[2] M. W. Spong, S. Hutchinson, and M. Vidyasagar, Robot modeling and control. John
Wiley & Sons New York, 2006.
[3] (2013, May) Quadrotor. [Online]. Available: http://en.wikipedia.org/wiki/Quadrotor
[4] S. A. Raza and W. Gueaieb, “Intelligent flight control of an autonomous quadrotor,”
InTech, 2010.
[5] (2012, Sept.) The quadrotor’s coming of age. [Online]. Available: http://illumin.usc.
edu/162/the-quadrotors-coming-of-age/
[6] (2013, Mar.) Why quadrotors are so popular for research? [Online]. Available:
http://www.quadrotors.net/why-quadrotors-are-so-popular-for-research/
[7] R. Jonsson. (2013, Mar.) Upenn’s grasp lab unleashes a swarm of nano quadrotors.
[Online]. Available: http://www.gizmag.com/grasp-nano-quadrotor-robots-swarm/
21302/
[8] D. Hambling. (2013, June) Armed quadrotors are coming. [On-
line]. Available: http://www.popularmechanics.com/technology/military/planes-uavs/
armed-quadrotors-are-coming-10720086
[9] E. Guizzo. (2013, June) Aeryon scout quadrotor spies on bad guys from above.
[Online]. Available: http://spectrum.ieee.org/automaton/robotics/military-robots/
aeryon-scout-quadrotor-spies-on-bad-guys-from-above
[10] D. Mellinger, Q. Lindsey, M. Shomin, and V. Kumar, “Design, modeling, estimation
and control for aerial grasping and manipulation,” in 2011 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS). IEEE, 2011, pp. 2668–2673.
[11] (2012, Sept.) LYNXMOTION. [Online]. Available: http://www.lynxmotion.com/
default.aspx
[12] robokits.co. (2012, Sept.) Robotic gripper for robotic arm and other gripping
applications. [Online]. Available: http://robokits.co.in/shop/index.php?main page=
product info&products id=237
91
[13] S. P. CASTING. (2012, Sept.) Aluminum alloy properties. [Online]. Available:
http://www.shelmetcastings.com/aluminum-alloy-properties2.html
[14] (2012, Sept.) St450 folding frame quad-rotor aluminum aircraft. [Online]. Available:
http://dx.com/p/st450-folding-frame-quad-rotor-aluminum-aircraft-129364
[15] (2012, Sept.) Bumblebee - brushless motor. [Online]. Available: https://www.
hobbyking.com/hobbyking/store/ 24817 Bumblebee Brushless Motor.html
[16] (2012, Sept.) Lulin 30a brushless esc + emax 1200kv
brushless motor. [Online]. Available: http://www.ebay.com.au/itm/
Lulin-30A-Brushless-ESC-EMAX-1200KV-Brushless-Motor-/261012057334
[17] (2012, Sept.) Arduino mega 2560. [Online]. Available: http://arduino.cc/en/Main/
arduinoBoardMega2560
[18] (2012, Sept.) Zigbee pro- 63 mw pcb antenna series2. [Online]. Available:
http://store.fut-electronics.com/11XBp24bZ7pIT-004.html
[19] (2012, Sept.) Devantech srf04 ultrasonic range finder. [Online]. Available: http:
//www.acroname.com/robotics/parts/R93-SRF04.html
[20] (2012, Sept.) Skylab uart gps module. [Online]. Available: http://store.fut-electronics.
com/GPS-SKM53.html
[21] (2012, Sept.) Lithium polymer battery (11.1 v, 5200 mah). [Online]. Available:
http://store.fut-electronics.com/BAT-LIPO-002-1.html
[22] J. Kim, M.-S. Kang, and S. Park, “Accurate modeling and robust hovering control for a
quad-rotor vtol aircraft,” in Selected papers from the 2nd International Symposium on
UAVs, Reno, Nevada, USA June 8–10, 2009. Springer, 2010, pp. 9–26.
[23] H. Bouadi and M. Tadjine, “Nonlinear observer design and sliding mode control of four
rotors helicopter,” World Academy of Science, Engineering and Technology, vol. 25, pp.
225–229, 2007.
[24] T. Bresciani, “Modelling, identification and control of a quadrotor helicopter,” Master’s
thesis, Lund University, Lund, Sweden, 2008.
[25] R. Zhu, D. Sun, Z. Zhou, and D. Wang, “A linear fusion algorithm for attitude determi-
nation using low cost mems-based sensors,” Measurement, vol. 40, no. 3, pp. 322–328,
2007.
[26] S. Fux, “Development of a planar low cost inertial measurement unit for
uavs and mavs,” Master’s thesis, Swiss Federal Institute of Technology Zurich,
Zurich,Switzerland, 2008.
[27] W. Premerlani and P. Bizard, “Direction cosine matrix imu: Theory,” DIY DRONE:
USA, pp. 13–15, 2009.
92
[28] M. Euston, P. Coote, R. Mahony, J. Kim, and T. Hamel, “A complementary filter for
attitude estimation of a fixed-wing uav,” in Intelligent Robots and Systems, 2008. IROS
2008. IEEE/RSJ International Conference on. IEEE, 2008, pp. 340–345.
[29] R. N. Jazar, Theory of Applied Robotics: Kinematics, Dynamics, and Control.
Springer, 2010.
[30] (2012, Sept.) Dcm tutorial an introduction to orientation kinematics. [Online].
Available: http://www.starlino.com/dcm tutorial.html
[31] (2012, Sept.) A guide to using imu (accelerometer and gyroscope devices) in
embedded applications. [Online]. Available: http://www.starlino.com/imu guide.html
[32] M. J. Stepaniak, “A quadrotor sensor platform,” Ph.D. dissertation, Ohio University,
Ohio, United States, 2008.
[33] T. S. Yoo, S. K. Hong, H. M. Yoon, and S. Park, “Gain-scheduled complementary filter
design for a mems based attitude and heading reference system,” Sensors, vol. 11, no. 4,
pp. 3816–3830, 2011.
[34] J.-J. E. SLOTINE and W. LI, Applied Nonlinear Control. Prentice-Hall, 1991.
[35] J. Leishman, Principles of Helicopter Aerodynamics. Cambridge University Press,
2000.
[36] G. G. Slabaugh, “Computing euler angles from a rotation matrix,” Retrieved on August,
vol. 6, p. 2000, 1999.
[37] L.-W. Tsai, Robot analysis: the mechanics of serial and parallel manipulators. Wiley-
Interscience, 1999.
[38] K. M. Passino and S. Yurkovich, Fuzzy control. Citeseer, 1998.
[39] Z. Kovacˇic´ and S. Bogdan, Fuzzy controller design: theory and applications. CRC
Press, 2006, vol. 19.
[40] J. R. Layne and K. M. Passino, “Fuzzy model reference learning control,” in 1992 First
IEEE Conference on Control Applications. IEEE, 1992, pp. 686–691.
[41] W. A. Kwong and K. M. Passino, “Dynamically focused fuzzy learning control,” Part
B: Cybernetics, IEEE Transactions on Systems, Man, and Cybernetics, vol. 26, no. 1,
pp. 53–74, 1996.
[42] S. Blazˇicˇ, I. Sˇkrjanc, and D. Matko, “Globally stable direct fuzzy model reference
adaptive control,” Fuzzy Sets and Systems, vol. 139, no. 1, pp. 3–33, 2003.
[43] P. LI and F.-J. JIN, “Adaptive fuzzy control for unknown nonlinear systems with per-
turbed dead-zone inputs,” Acta Automatica Sinica, vol. 36, no. 4, pp. 573–579, 2010.
[44] H. Boubertakh, M. Tadjine, P.-Y. Glorennec, and S. Labiod, “Tuning fuzzy pd and pi
controllers using reinforcement learning,” ISA transactions, vol. 49, no. 4, pp. 543–551,
2010.
93
